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ABSTRACT 
 
Metal complexes are known to exhibit a variety of interesting magnetic and optical 
properties. In the solid state, these properties are sensitive to crystal structure. It 
follows that control over crystal structure allows for the tuning of these properties. 
Intermolecular interactions such as coordinate bonds, hydrogen bonds and 
π-interactions can be exploited to modulate crystal structure, and the field is well 
developed in the use of these particular interactions. Halogen bonding (also known as 
X-bonding) can also be used for the self-assembly of molecular components but has 
been exploited for this purpose to a far lesser extent. 
 
In this thesis, X-bond donor molecules 1,2-DITFB, 1,3-DITFB, 1,4-DITFB and 
1,3,5-TITFB (DITFB = diiodotetrafluorobenzene, TITFB = triiodotrifluorobenzene) 
were co-crystallised with organic X-bond acceptors DABCO (1,4-
diazabicyclo[2.2.2]octane), TEA (triethylamine) and HMTA 
(hexamethylenetetramine) as well as with metal complexes [Ni(bpy)3]X2, 
[Ni(phen)3]X2, [Ni(terpy-ph)2]I2 and the known spin-crossover compound 
[Co(terpy)2]I2 (X = Cl−  or I−, bpy = 2,2ʹ-bipyridine, phen = 1,10-phenanthroline, 
terpy = 2,2ʹ:6ʹ,2ʹʹ-terpyridine, terpy-ph = 4ʹ-phenylterpyridine). Crystal structures of 
the compounds obtained were determined and crystal packing analyses were carried 
out to identify whether or not molecular components were interacting through 
X-bonding, and, if so, the topology of the X-bonded complex observed. 
 
Co-crystals with X-bonding between the molecular components formed for all but 
three combinations of X-bond donor and acceptor. The Menshutkin reaction between 
DABCO or TEA with dichloromethane or dibromomethane was found to occur 
under ambient conditions, resulting in the in situ production of halide ions and 
quaternary ammonium cations. In the presence of 1,2-DITFB, 1,3-DITFB, 
1,4-DITFB or 1,3,5-TITFB, the result was the formation  of co-crystals in which X-
bond networks involving iodofluorobenzene molecules (donor) and halide ions 
(acceptor) encapsulate the quaternary ammonium cations. Similar structures were 
observed when the iodofluorobenzenes were co-crystallised with metal complex 
halides [Ni(bpy)3]X2, [Ni(phen)3]X2, [Ni(terpy-ph)2]I2 and [Co(terpy)2]I2  (X = Cl−  
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or I−). In these structures, the halide ion acts as the X-bond acceptor and the metal 
complex cation plays no direct role in X-bonding. The halide components form up to 
four X-bonds. Discrete, 1D, 2D and 3D X-bond topologies were observed.  
 
1,2-DITFB, 1,3-DITFB and 1,3,5-TITFB commonly formed fewer than the 
maximum possible number of X-bonds when co-crystallised with neutral acceptors 
DABCO and HMTA, but almost always exhibited supramolecular saturation when 
challenged with stronger anionic acceptors such as chloride or iodide. In structures 
containing quaternary ammonium cations, the halide ions typically acted as linear X-
bond linkers bridging two iodofluorobenzene molecules. The combination of linear 
halide X-bond bridges with the rigid geometric disposition of X-bonding sites of 
iodofluorobenzenes resulted in the formation of X-bond networks with predictable 
topologies. In structures featuring metal complex cations, X-bond connectivity 
typically proved to be more complex and displayed greater sensitivity toward slight 
changes in size, shape and flexibility of the cation. Multiple aryl embrace motifs 
between metal complex cations often resulted in their organisation into 1D chains 
separated by the X-bonded framework. Structures containing higher ratios of the 
iodofluorobenzene component were more likely to efficiently space cations apart 
from one another. The spin-crossover properties of [Co(terpy)2]I2 were significantly 
altered when it was encapsulated in a X-bond framework. The organisation of 
[Co(terpy)2]2+  complexes into 1D chains within a X-bond network promoted 
cooperativity between spin centres and hence increased the abruptness of 
spin-transition. 
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1. INTRODUCTION 
 
1.1 Supramolecular chemistry 
 
Chemistry includes the study of the making and breaking of chemical bonds. 
Covalent bonds result from sharing of a pair of electrons between two atoms. 
Covalent bonds between atoms give rise to molecules. The arrangement of the atoms 
is directed by the chemical bonds and this, combined with the properties of the 
atoms, dictates the properties of the molecules. The manipulation of the arrangement 
of covalent bonds and the atoms of a molecule can therefore be used to alter these 
properties and this is the traditional synthetic chemist’s approach toward making 
functional chemicals.   
 
However, chemical connectivity extends beyond the realms of covalent bonds. Each 
molecule within a substance interacts with those around it. Depending on the 
chemical structures and functional groups of the molecules involved, these 
interactions can be attractive or repulsive. In general, electron rich species (i.e. 
species carrying a full or partial negative charge) are attracted to electron deficient 
species (i.e. species carrying a full or partial positive charge). Species with like 
charges tend to repel each other. These attractive or repulsive effects are known as 
“intermolecular interactions” and form the foundation upon which the field of 
supramolecular chemistry has been built.  
 
Lehn put it that 
 
‘Just as there is a field of molecular chemistry based on the covalent bond, there is a 
field of supramolecular chemistry, the chemistry of molecular assemblies and of the 
intermolecular bond’.[1] 
 
The seed for supramolecular chemistry was first sown in 1890 when Emil Fisher 
postulated that enzyme substrate interactions were a “lock and key” type system.[2] 
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Throughout the early twentieth century, non-covalent interactions were becoming 
understood in greater detail, with significant advances being made such as the 
description of the hydrogen bond made by Latimer and Rodebush.[3] Following these 
advances, along with the emergence of X-ray crystallography, came the elucidation 
of the double helical structure of DNA by Watson and Crick in 1953 shown in Figure 
1.1.1.[4] As a result of Pederson’s synthesis of crown ethers in the 1960s,[5] chemists 
such as Cram and Lehn became active in the development of supramolecular 
chemistry.[1, 6] Cram, Lehn and Pederson were awarded the Nobel prize for chemistry 
in 1987 for their pioneering work in the field which firmly established the 
significance of supramolecular chemistry.[7]  
 
 
Figure 1.1.11The double helical structure of DNA is the product of intermolecular 
interactions between two polynucleotide strands. It demonstrates the amazing potential of 
supramolecular chemistry.[8] 
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Between then and now, significant advances in the instrumentation available for 
single crystal X-ray crystallography, visualisation of structure and computational 
structure modelling have seen supramolecular chemistry become one of the most 
widely studied fields of chemistry.[9] The field has demonstrated important concepts 
such as host-guest chemistry,[6j] molecular recognition,[6b] anion sensing,[10] 
self-assembly of molecular cages and mechanically interlocked molecular 
architectures[11] and dynamic covalent chemistry.[12] Some of the more elaborate 
examples of the above concepts put into practice are displayed in Figure 1.1.2. 
 
 
Figure 1.1.22Supramolecular chemistry has led to the synthesis of some truly remarkable 
molecular assemblies including (a) molecular cages made up of metal ions linked together by 
small molecular fragments;[13] (b) rotaxanes, which are a type of mechanically interlocked 
architecture involving a molecular thread that is stoppered on each end preventing threaded 
macrocyclces from sliding off;[14] (c) supramolecular knots that self-assemble from 
geometrically precise molecular components;[11] (d) anion receptors, which are assemblies 
that contain a site that binds to a certain anion with a high degree of supramolecular 
selectivity.[15]  
(b) Mechanically 
interlocked architectures 
(a) Molecular cages 
(c) Supramolecular knots 
(d) Anion receptors 
Chapter 1 
 
4 
 
1.2 Crystal engineering 
 
The properties of crystalline materials derive not only from the properties of the 
molecular components, but also by the way those molecular components are 
arranged with respect to each other in the crystal. Crystal engineering is an area 
within supramolecular chemistry that is focused on the rational design and synthesis 
of functional crystals. The most common strategy employed is the exploitation of 
intermolecular interactions for the controlled assembly of molecular components.[16] 
It has been defined by Desiraju to be  
 
‘…the understanding of intermolecular interactions in the context of crystal packing 
and in the utilisation of such understanding in the design of new solids with desired 
physical and chemical properties’.[17] 
 
Although the first mention of the term “crystal engineering” was made by Pepinsky 
in 1955,[18] it was the group of Schmidt who launched the first systematic 
investigations in the field.[19] Despite being mentioned more than half a century ago, 
crystal engineering has only become a major research focus in the last three decades. 
This gap in progress can be attributed to similar reasons as those given for the 
delayed growth of supramolecular chemistry as a whole. First, without modern 
technology, structure determination by single crystal X-ray diffractometry was an 
unviable option for furthering the field of crystal engineering, due to the extensive 
period of time required to solve just one structure. In recent decades however, 
advances made in instrumentation together with computer visualisation of structure 
have made X-ray crystallography a routine characterisation technique which can 
often be carried out in just a few hours. This reduction in time required for structure 
determination has inevitably led to a tremendous increase in the volume of 
crystallographic data published. Second, the compilation of structures called the 
Cambridge Structural Database (CSD) (currently containing nearly 700,000 
structures) allows scientists to quickly search the literature for a known structure, or 
make comparisons of structures.[20] Third, the sudden acceleration of progress in the 
field of crystal engineering has also been directly linked with a better understanding 
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of the fundamental concepts of intermolecular interactions and supramolecular 
chemistry.[6c, 21] 
 
Crystal engineering has found applications in the assembly of metal-organic 
frameworks,[22] polymorphism,[23] molecular materials that exhibit interesting 
properties including spin-crossover,[24] liquid crystals,[25]  investigation of interaction 
between biological matrices and crystalline phases in biological systems, 
nano-computing, protonics (fuel cells), biomimesys and implantology, sieves and the 
separation of enantiomers.[26] 
 
Despite recent advances, there continues to be an obvious and undeniable problem 
that underlies the very basic understandings in the scope of crystal engineering.  
Maddox states 
 
‘One of the continuing scandals in the physical sciences is that it remains impossible 
to predict the structure of even the simplest crystalline solids from a knowledge of 
their chemical composition.’ [27] 
 
Crystal growth has been proposed to occur with the mechanism shown in Scheme 
1.2.1.[28] In the nucleation stage, a few molecules aggregate to form a small cluster. 
This can occur without a solid support such as dust (homogenous nucleation) or with 
a solid support (heterogenous nucleation). The next stage in the proposed mechanism 
is the aggregation of small clusters at nucleation sites. This aggregation results in 
larger clusters, which subsequently come together to form crystals. Our current 
analytical techniques can tell us what happens at either end of this scheme: the initial 
molecule (spectroscopy) and the final crystal structure (single crystal X-ray 
diffractometry). However it is what happens in between that holds the keys to 
solving this problem and it is these processes that we do not yet fully understand. 
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Scheme 1.2.1  A proposed mechanism for the process of crystallisation. 
 
There is currently no computational model that can calculate exactly what crystal 
structure will be assumed by a given molecule. Supramolecular chemistry and crystal 
engineering have highlighted the immense difficulties and incredible number of 
variables, such as relative speed of nucleation and crystal growth, associated with 
tackling such a challenge. One particular aspect that makes predicting crystal 
structure so complex is the broadness of the potential energy well in terms of the 
distance between interacting molecules. Today, prediction of the conformation of a 
molecule given its molecular structure is relatively trivial, due to sharp minima in 
energy with respect to covalent bond length and angle. Conversely, intermolecular 
interactions can typically provide significant stabilising energy over a wide range of 
interatomic distances, which effectively makes predictions of how molecules will 
position themselves relative to one another in space on account of intermolecular 
interactions (crystal structure) vastly more complicated (Figure 1.2.1). 
single 
molecule 
nucleation crystal growth 
at nucleation 
 
crystal 
formation 
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Figure 1.2.13The broad range of distances at which intermolecular interactions can provide 
stabilising energy makes predictions of crystal structure more difficult than predictions of 
molecular conformation (covalent bonds). Relative energies and distances in above 
schematic are estimations only.  
 
 
1.3 Intermolecular interactions 
 
As previously mentioned, supramolecular chemistry is the study of intermolecular 
interactions and crystal engineering is the application of our understanding of these 
intermolecular interactions for the rational design of functional crystalline 
materials.[28]  The types of intermolecular interactions relevant to this work are 
described below. 
 
1.3.1 Non-directional interactions 
 
Some of the strongest and perhaps most easily grasped intermolecular interactions in 
solid materials are Coulombic or ionic interactions. These arise between ions of 
opposing charge (attraction) or like charges (repulsion) and hence can be thought of 
Energy 
Distance 
Intermolecular interactions 
  
Covalent interactions 
De-stabilising 
Stabilising 
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as the extreme case of electrostatically driven intermolecular interactions (Table 
1.3.1.1). The magnitude of the attractive force arising from the Coulombic 
interaction between two particles can be calculated via application of Coulomb’s 
law; 
 
𝐹 = 𝑘𝑞1𝑞2
𝑟2
 
 
where F is the force acting between the two particles, k is the electrostatic constant 
(8.998 x 109 Nm2C−2), q1 and q2 are the quantities of charge associated with the 
respective particles and r is the distance from the centre of one charge to the centre of 
the other. Calculation of this force in a 3-dimensional lattice of charged particles (i.e. 
in a crystal) is certainly much more complicated, and is generally carried out using 
the method of Ewald.[29] Since the distance dependence of the energy of interaction is 
of the order of r−1 this is considered a long range intermolecular interaction.[30] 
Coulombic interactions in crystals of alkali halides provide dissociation energies 
ranging from 600 to 1000 kJmol−1. 
 
Similar interactions occur between one charged species and a neutral species with a 
permanent dipole (Table 1.3.1.1). These are called charge-dipole interactions and 
exist over much shorter distances, due to having a distance dependence of r−4.[31] The 
interaction between hydrogen fluoride and a fluoride ion (F-H···F) is among the 
strongest of known charge-dipole interactions involving a monovalent ion, with a 
dissociation energy of 163 kJmol−1.[32] Interaction energy increases with the charge 
of the ion and the polarisability of the species possesseing the permanent dipole. 
 
A charged species can also temporarily induce a dipole moment in a neutral but 
polarisable neighbouring species which produces an attractive effect known as 
induction or polarisation (Table 1.3.1.1).[31] This interaction also occurs over a 
smaller distance than the Coulombic interaction as it falls off as r−4.[33]  
 
Dipole-dipole interactions are observed when two neutral molecules that have 
permanent dipoles are within close proximity to each other and have their dipoles 
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aligned (attractive) or in opposite directions (repulsive) (Table 1.3.1.1). These 
interactions are weaker again, with a distance dependence being of the order of 
r−6.[31] 
 
It is true that any molecule, even if not charged, near a charged species nor having a 
permanent dipole, can exhibit a randomly aligned dipole moment at any given time, 
as a result of fluctuations in the surrounding electric field environment.[31] Alignment 
of these short lived but important dipole moments result in short range attractive 
forces between molecules regardless of their electrical nature, called dispersion 
forces, which have a distance dependence of r−6.[30, 34] Repulsions due to this effect 
occur over a very short distance (fall off as r−12), and are named exchange 
interactions.[30] These two intermolecular interactions are known collectively as van 
der Waals forces. Atoms can be treated as spheres defined by a “van der Waals 
radius” that is a measure of how close another atom can come before the strong, very 
short range, repulsive exchange force kicks in.[35] It is common to express the effects 
on molecule-molecule distance caused by other intermolecular interactions as being 
shorter than the “sum of the van der Waals radii”. Figure 1.3.1.1 graphically displays 
how the energy of van der Waals interactions is related to the distance between two 
atoms and what interatomic distance is labelled the sum of the van der Waals radii. 
The CPK model (named after the chemists Corey, Pauling and Koltun) depicts atoms 
as spheres that are sized according to their van der Waals radii. Figure 1.3.1.2 
compares a chloroform molecule (CHCl3) displayed using a model that is governed 
by atomic radii with one displayed using the CPK model. Table 1.3.1.1 describes the 
nature of the formation of the non-directional intermolecular interactions mentioned, 
listing them in order from longer ranged to shorter ranged. 
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Figure 1.3.1.14The sum of the van der Waals radii is the distance at which dispersion forces 
(attractive) acting on approaching entities will be replaced/dominated by exchange forces 
(repulsive).  
 
 
 
 
 
Figure 1.3.1.25The CPK model displays atoms as spheres that are sized according to their 
van der Waals radius. This radius is different (and much larger) than the atomic radius used 
by typical “ball and stick” type models. (Molecule shown = chloroform. Colour scheme: 
green = chlorine, grey = carbon, white = hydrogen.  
 
 
Energy 
Distance 
Van der Waals interaction energy 
Sum of the van der Waals radii 
De-stabilising 
Dispersion 
forces 
Exchange 
forces 
Stabilising 
Atomic radii 
(“ball and stick”) 
model 
Van der Waals radii 
(“CPK”) model 
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Table 1.3.1.11Summary of the non-directional intermolecular interactions mentioned above 
and describes the nature of their manifestation (arrows indicate induced dipoles). Distance 
dependence and some dissociation energy ranges are also displayed.  
Interaction Nature of electrostatic  charge of species 
Distance 
dependencea 
Dissociation 
energy / kJ 
mol−1 a 
 
Coulombic or ionic 
 
 
 
r−1 600-1000b 
Charge-dipole 
 
 
 
r−4 50-160c 
Induction or 
polarisation 
 
 
 
r−4 1-20 
Dipole-dipole 
 
 
 
r−6 1-30 
Van der Waals 
 
 
 
dispersion r−6 
exchange r−12 9.8 (disp.)
d 
a Values sourced from references[30-31, 33-36] 
b Coulombic interaction energy range for alkali halides[31] 
c Value is representative of monovalent ions. Interactions involving divalent 
ions exhibit dissociation energies up to ca. 375 kJmol−1[32] 
d Dispersion forces acting between two molecules of methane[31] 
 
For intermolecular interactions to be useful for the purposes of crystal engineering, 
they must reliably form in a (reasonably) predictable way. Three special cases of 
intermolecular interactions that have been extensively utilised by the crystal 
engineering community and are of paramount importance to this project are 
described in detail below.[21, 37] 
 
 
δ−        δ+ 
δ−        
δ+ 
δ−        δ+ δ−        δ+ 
δ−        
δ+ 
δ−        
δ+ 
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1.3.2 Hydrogen bonding (H-bonding) 
 
It is universally recognised that H-bonding plays a crucial role in molecular 
self-assembly.[38] The deliberate use of H-bonding to influence crystal packing has 
also been thoroughly established in the field of crystal engineering.[39]  
 
H-bonds are essentially a special case of charge-dipole or dipole-dipole interactions. 
They result primarily from the electrostatic interaction between an electron rich site 
such as the lone pair of electrons of a heteroatom (such as N, O, Cl− ; called the 
H-bond acceptor) and an electron deficient hydrogen atom (H-bond donor).  They 
therefore take the form B∙∙∙H-A, where B is a Lewis base and A is an electron 
withdrawing species covalently bound to the hydrogen atom (O, N, S, Ph, etc.), as 
depicted in Figure 1.3.2.1.[38b]  
 
 
 
 
 
 
Figure 1.3.2.16H-bonds are the interaction resulting from the attraction between an electron 
rich Lewis base (H-bond acceptor) and an electron deficient hydrogen atom (H-bond donor).  
 
 
 
 
 
 
δ+ 
δ+ 
δ+ 
H-bond donor H-bond 
acceptor 
Lewis base  
(O, N, Cl-, etc.) Hydrogen 
atom 
Electron 
withdrawing 
species 
H A B 
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Due to being chiefly electrostatic in nature, H-bonds are more or less a directional 
interaction. A study by Steiner[36] of the crystal structures of carbohydrates shows 
that there is a preference for B∙∙∙H-A angles from 170 to 180°. However, H-bonds 
can exhibit angles from as low as ca. 90°, such as in cases involving the triply active 
donor R-NH3+ shown in Figure 1.3.2.2.  
 
 
 
Figure 1.3.2.27H-bonds display a preference for linearity however they can form at angles 
as small ca. 90°, such as R-NH3+ H-bonding to a Cl− ion.  
 
 
It is possible (and quite common) for multiple electron rich sites to interact with a 
single H-bond donor.[36] The terminology given to this scenario is as follows: when 
two electron rich sites interact with one donor the H-bond is bifurcated, and similarly 
a ratio of three acceptors to one donor leads to a trifurcated H-bond. This 
nomenclature is clarified in Figure 1.3.2.3. 
 
 
 
Figure 1.3.2.38Multiple Lewis bases can form H-bonds with a single hydrogen atom 
forming systems labelled as shown.  
 
 
 
N
H
H
H Cl
ca. 180° 
H-bond 
ca. 90° 
H-bond 
O H Cl
Bifurcated Normal Trifurcated 
A H B A H
B
B
A H
B
B
B
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Although the energy of a H-bond cannot be measured in the solid state, gas-phase 
calculations suggest that dissociation energies range from 0.8 to 160 kJ mol−1.[36]  
A list of gas phase H-bond dimers is displayed in Table 1.3.2.1 along with calculated 
dissociation energies. 
 
Table 1.3.2.12Selected gas phase dimers and their calculated dissociation energies.  
H-bonded Dimer Energy (kJ mol
−1
) H-bonded Dimer Energy (kJ mol
−1
) 
[F-H-F]
−
 163  HOH···Bz  12  
[H
2
O-H-OH
2
]
+
 138  F3-C-H···OH2 10  
[H
3
N-H-NH
3
]
+
 101  NH3···Bz  9  
[HO-H-OH]
−
 96  CH4···Bz  6  
NH
4
+
···OH
2
 80  HSH···SH2 4.5  
NH
4
+
···Bz  71  H2C=CH2···OH2 4  
HOH···Cl
−
 56  CH4···OH2 1.3-3.3  
O=C-OH···O=C-OH  31  C=CH2···C=C  2  
HOH···OH
2
 19-21  CH4···F-CH3 0.84  
Values taken from The Hydrogen Bond in the Solid State by Steiner, 2002[36]
 
and references 
therein (Bz = benzene).  
 
The strongest H-bonds occur when either A or B is a charged species. Often in these 
cases the interaction is highly covalent, and can even exhibit dissociation energies of 
greater magnitude than weak “covalent bonds”. For example, the [F-H-F]− dimer has 
a dissociation energy of 163 kJ mol−1,[32] which is higher than that of the F-F 
covalent bond (150 kJ mol−1).[38b] Van der Waals and charge transfer effects also 
contribute to the overall energy of stabilisation of the interaction, however their 
stabilising effects drop off relatively quickly over distance.[34] Strong H-bonds 
generally occur over shorter distances (B···A ca. 2.2 to 2.5 Å) and tend to be close to 
linear across B∙∙∙H-A.[40] 
 
Moderate H-bonds (10 to 40 kJ mol−1) typically form between uncharged species, but 
when A is highly electronegative. The most common example of an H-bond in this 
category is the case of water (HOH···OH2) which is calculated to have a dissociation 
energy of 19 to 21 kJ mol−1 in the gas phase.[36] 
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Weak H-bonds (< 10 kJ mol−1) generally involve alkyl donors (C-H) and are barely 
directional. This can be explained by the relatively large proportion of their 
stabilisation energy owed to dispersion forces, which are not directional, as opposed 
to other electrostatic interactions.[36] Table 1.3.2.2 displays some energetic and 
geometric characteristics of strong, moderate and weak H-bonds as per the 
classification made by Jeffrey.[40]  
 
Table 1.3.2.23Selected energetic and geometric characteristics of H-bonds according to the 
classification of Jeffery.[40]  
 Strong Moderate Weak 
Bond length (B···A) / Å 2.2 - 2.5 2.5 - 3.2 > 3.2 
Directionality strong moderate weak 
Bond angles / ° 170 - 180 > 130 > 90 
Dissociation energy / kJ mol−1 60 - 170 17 - 60 < 17 
 
Being able to form over angles as low as 90° greatly increases the reliability of 
formation of hydrogen bonds in self-assembly processes; however, what is gained in 
reliability of formation is lost in predictability of bond geometry. Flexibility 
somewhat reduces the usefulness of H-bonds for the purposes of crystal engineering, 
as it is vital that one can accurately hypothesise about the relative arrangement of 
molecules in the crystal lattice, given the intermolecular interacting characteristics of 
the molecular components. If interactions between molecules do not form at 
(reasonably) fixed angles, it becomes difficult to predict how the molecules will be 
assembled relative to one another in the solid state. For instance, consider a molecule 
that possesses two functional groups, each capable of forming strictly linear 
intermolecular interactions with neighbouring molecules. If the groups point in 
opposite directions from one another, such as those in Figure 1.3.2.4, one would 
expect the molecules to assemble into linear chains. Conversely, if the interactions 
were flexible, predicting the relative molecular arrangement would be a much less 
trivial task. Figure 1.3.2.4 (a) illustrates why it is more difficult to predict how 
molecules will assemble in the solid state when flexible intermolecular interactions 
partake as a key driving force for the process. 
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Figure 1.3.2.49Relatively rigid intermolecular interactions typically make predicting 
molecular assembly easier than flexible interactions.  
 
A typical design feature of many systems involving H-bonding as a major 
contributor to crystal packing is complementary H-bonding.[41] This is the case where 
more than one H-bond exists between two molecular species. In addition to 
increasing directionality and intermolecular attraction, complementary H-bonding 
has the effect of fixing the relative orientation of the molecules involved, much like a 
carbon-carbon double bond prevents rotation of substituents (Figure 1.3.2.5).[39d, 42] 
Carboxylic acids (Figure 1.3.2.5 (b)) and amides (Figure 1.3.2.5 (c)) commonly 
exhibit complementary H-bonds in the solid state and for this reason are commonly 
utilised in crystal engineering.[39] The complementary interactions between 
functional groups of this type form reliably, and hence the interaction is known as a 
“supramolecular synthon”, whose meaning is analogous to the organic retrosynthetic 
term. 
 
Rigid intermolecular interactions 
= Molecular component 
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Figure 1.3.2.510Complementary H-bonding (b and c) is commonly exploited in crystal 
engineering due to increases in intermolecular attraction and directionality from regular 
H-bonds.  
 
The prevention of rotation becomes a key factor when attempting to make 
predictions about how H-bonding molecules might assemble in the solid state. 
Consider the structures provided in Figure 1.3.2.6. In the crystal structure of catechol 
(1,2-benzenediol) and trans-4,4'-(1,2-ethenediyl)dipyridine, the two phenolic 
hydrogen atoms are oriented such they are pointing away from each other (CSD 
reference code [MOMVUG]).[43]a This configuration leads to a linear H-bond 
network alternating between donor and acceptor (Figure 1.3.2.6 (a)). When the same 
compound (catechol) is combined with hexamethylenetetramine (HMTA), the 
phenolic hydrogen atoms are projected in “the same” direction [CERXIH].[44] This 
leads not to a linear network but to a tiled type network which is shown in Figure 
1.3.2.6 (b). Even though the angle across O-H···N is close to 180°, the overall 
predictability of motif is all but lost due to the ability for the hydrogen atoms to 
rotate around the phenolic oxygen atoms. 
 
                                                 
a CSD reference codes are of the form of a six letter combination. In this document, these codes are 
provided for each literature crystal structure discussed along with the corresponding reference(s). A 
full list of reference codes for all literature structures referred to in this thesis along with 
corresponding reference(s) is provided in Appendix A. 
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Figure 1.3.2.611When the phenolic hydrogen atoms possessed by catechol are pointing in 
opposite directions, linear H-bond networks can be produced (a). When they are pointing in 
a similar direction, other arrangements of molecules can be observed (b).  
 
The crystal structures of the compounds terephthalic,[45] phthalic[46] and 
isophthalic[47] acid all exhibit the H-bond supramolecular synthon expected of 
carboxylic acids. This complementary interaction promotes directionality, and indeed 
all connections occur over an angle of approximately 180°. In the case of terephthalic 
acid (Figure 1.3.2.7 (a)), para-substitution of acid groups leads to a linear 
1-dimensional (1D) H-bonding chain of molecules. Phthalic and isophthalic acids 
also assemble into 1D chains, however instead of being linear, the chains zig-zag 
with angles dictated by the substitution of the acid groups on the benzene ring 
(Figure 1.3.2.7 (b and c)). This supramolecular synthon has also been employed for 
the assembly of more complex architectures. The tetraacids displayed in Figure 
1.3.2.7 (d) and (e) have rigid structures and are functionalised with carboxyl groups 
at selected positions, with the result being molecular building blocks that 
self-assemble into “supramolecular ladders”. 
 
a) 
b) 
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Figure 1.3.2.712The dicarboxyl supramolecular synthon promotes directional H-bond 
interactions. In the case of the crystal structures of terephthalic (a, [TEPHTH13]), phthalic (b, 
[PHTHAC02]) and isophthalic (c, [BENZDC01]) acids this leads to infinite1D H-bonding 
chains whose geometry is controlled and can be tuned through alteration of the relative 
substitution of acid groups on the benzene ring. Careful selection of structure and H-bond 
functionalisation allows for the self-assembly of complex architectures such as the 
“supramolecular ladders” featured above (d, [JUKROW][48]) (e, [CALHIH][49]).  
 
 
1.3.3 π-Interactions 
 
π-Interactions are electrostatic interactions involving molecules with delocalised 
π-systems (such as in alkenes, alkynes and aromatic rings). They are recognised as a 
significant driving force for self-assembly processes where π-systems are present.[50] 
They have also been used to influence crystal packing for the purposes of crystal 
engineering.[39a, 50a, 51] There are two types of π-interaction relevant to this work: 
C-H⋅⋅⋅π interactions and π-π interactions. Due to the scope of this thesis, the 
(b) 
(c) 
(d) 
  (e) 
(a) 
Chapter 1 
 
20 
 
explanation of π-interactions herein will be limited to interactions involving aryl 
components.  
 
Aryl groups can interact via an “edge-to-face” or a “vertex to face” geometry, where 
the rings are oriented perpendicular to one another as depicted in Figure 1.3.3.1. 
These are idealised geometries; in reality, any arrangement of aryl groups where 
hydrogen atoms of one group are directed toward the π-system of another is feasible. 
Both of these idealised arrangements result in an Ar-H⋅⋅⋅π type interaction, which is 
essentially H-bonding. Ab Initio calculations at the CCSD(T) level for the “vertex to 
face” geometry between molecules of benzene give a maximum stabilising energy of 
9.6 kJ mol−1 at a distance of 3.4 Å between the centres of mass.[52]  
 
 
Figure 1.3.3.113Depiction of aryl groups interacting via Ar-H⋅⋅⋅π interactions in two 
idealised geometries: edge to face and vertex to face.  
 
Edge-to-face 
 90° 
90° 
  
90° 
90° 
  
Vertex-to-face 
 
  Chapter 1 
 
21 
 
π-π Interactions derive from the attraction of electron rich regions of a π-system to 
the electron deficient regions of another. There are two geometries of π-π interactions 
that involve aryl components. 
 
First, aromatic species can interact in an “offset-face-to-face geometry”. In systems 
such as benzene, the carbon atoms tend to be electron rich and carry a partial 
negative charge while the hydrogen atoms are electron deficient and carry a partial 
positive charge. These systems orient parallel (or very close to it) to one another and 
“stack”, such that the (electron rich) carbon atoms of one molecule overlap the 
(electron poor) hydrogen atoms of another. Calculations for the offset-face-to-face 
geometry between molecules of benzene give a maximum stabilising energy of 8.6 
kJ mol−1 at a distance of 3.6 Å between the centres of mass.[52] 
 
It is also possible for aromatic rings to stack so that the carbon atoms of each ring 
directly overlap which each other (face-to-face arrangement). This interaction 
requires that the constituent aryl groups have opposite quadrupole moments, or else 
leads to repulsion rather than attraction, and is therefore rarely observed.[53] One 
example of this is shown by calculations made by Dougherty et al. for the interaction 
between benzene and hexafluorobenzene, which suggest that the stabilising energy 
for this rare geometry to be 15.5 kJ mol−1.[54] The face-to-face and the 
offset-face-to-face arrangements are also collectively known as “π-stacking 
interactions”, and are displayed in Figure 1.3.3.2. 
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Figure 1.3.3.214Aryl groups can interact via π-π interactions in two geometries: 
Offset-face-to-face and face-to-face. These interactions are often referred to as π-stacking. 
The graphical representation of the offset-face-to-face geometry here is idealistic; there are 
essentially an infinite number of possible variations.  
 
The attractive effect of face-to-face and offset-face-to-face π-π interactions is 
increased when there is a larger surface area of contact between the π-systems 
involved, i.e. more overlap of electron rich and deficient regions (Figure 1.3.3.3).  
 
 
Figure 1.3.3.315The intermolecular attraction due to π-π interactions increases with area of 
contact; left to right: benzene, naphthalene and anthracene.  
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Molecules containing multiple aromatic systems are able to interact via combinations 
of edge-to-face and offset-face-to-face geometries, which have been termed as 
aromatic embrace motifs by Dance and Scudder.[51b, 55] Examples of multiple 
aromatic embrace motifs can be found in crystal structures of PPh3 complexes,[55b, 56] 
PPh4+ salts[57] and compounds in which two or more 2,2ʹ-bipyridine (bpy),[58] 
1,10-phenanthroline[59] (phen) or 2,2ʹ:6ʹ,2ʹʹ-terpyridine[60] (terpy) ligands are 
coordinated to a metal. Such interactions exhibit energies estimated to be in the range 
of ca. 40 to 80 kJ mol−1.[61] The significance of this type of interaction in the context 
of crystal engineering is inherent in its frequency of occurrence in crystal structures 
of applicable compounds. Figure 1.3.3.4 displays (a) tris-bpy metal complexes in a 
bimolecular embrace and (b) how repeated embraces of this type often lead to chains 
of molecules.  
 
 
Figure 1.3.3.416Tris-bpy metal complexes can interact via π-interactions in configurations 
known as aromatic embraces (a).[62] Often each complex interacts with those around it to 
form aromatic embrace networks such as linear chains of molecules (b).  
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Garcia-Garibay et al. have utilised π-interactions for the self-assembly of molecular 
machines such as molecular rotors and molecular gyroscopes. Shown in Figure 
1.3.3.5, the molecular rotor molecule (a) contains trityl groups (CPh3) for the 
interlocking of molecules in the crystalline state via multiple aryl embrace 
interactions (b) [FIDJOS].[63]  
 
 
Figure 1.3.3.517π-Interactions are used to assemble a molecular rotor (a) in the solid state 
(b).  
 
 
1.3.4 Halogen bonding (X-bonding) 
 
Despite being stressed by Hassel in his Nobel lecture in 1970,[64] it has only been in 
the last two decades that the effectiveness of X-bonding for directing self-assembly 
processes has become appreciated. There has been a tremendous increase in the 
amount of scientific material published on the topic since the late 1990s; the work 
presented including numerous reviews and a book.[65] In fact, the number of 
scientific articles published per year citing the phrase “halogen bonding” has 
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increased exponentially over the last 10 years (Figure 1.3.4.1). Accompanying this 
rapid expansion of knowledge has been the realisation of various applications for 
X-bonds in supramolecular systems, including crystals.  Such applications include 
the assistance in the self-assembly of components in supramolecular liquid 
crystals,[25, 66] influence over the structural and physical properties of magnetic and 
conducting molecular materials,[24a, 24d] for the separation of mixtures of enantiomers 
and other isomers,[67]  the induction and tuning of second-order non-linear optical 
(NLO) responses,[68] gel formation,[69] to control solid state reactivity on the 
supramolecular level,[70] participation in a range of biopharmalogical processes and 
the binding of anions in both solution and in the solid state.[71] 
 
Figure 1.3.4.118The number of articles published per year citing “halogen bonding” has 
increased exponentially in the last 10 years (source: Scifinder).  
 
X-bonds are of the form Y−X ⋅⋅⋅X−Y (Type 1) or B⋅⋅⋅X−Y (Type 2). Type 2 X-bonds 
constitute most systems and derive predominantly from an electrostatic interaction 
between the lone pair of electrons of a neutral or anionic Lewis base (B, the electron 
donor, called the X-bond acceptor) and the electrophilic site of a halogen atom (X = 
I, Br, Cl, F, called the X-bond donor) as illustrated in Figure 1.3.4.2.[65e] The 
electrophilic site arises through the partial polarisation of X, and hence interaction 
strength typically follows the mass of X (Cl < Br < I < F).[65d] The electrophilic site 
on the halogen resides in the region trans to the X−Y σ-bond and as a result Type 2 
contacts are typically linear (or very close to it) across B⋅⋅⋅X−Y.[65h] It is common for 
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X-bonds between two halogens to exhibit an X···B-R of ca. 90° or the so-called 
L-geometry which is shown in Figure 1.3.4.2. In this way it is possible for a halogen 
atom to display amphoteric behaviour, that is to act as both an X-bond bond donor 
and acceptor simultaneously. The structure of the co-crystal containing 
4-dimethylaminopyridine (DMAP) and iodopentafluorobenzene (IPFB) (provided in 
Figure 1.3.4.3, [CUPKII]) features molecules interacting with each other via Type 2 
X-bonds.[72] In this example, the iodine atom (IPFB) is the X-bond donor and the 
pyridyl nitrogen atom (DMAP) is the X-bond acceptor. Type 1 X-bonds are similar 
in nature except that the interaction exists between two halogens at a Y −X⋅⋅⋅X angle 
such that the partially positive region of one halogen overlaps with the partially 
negative regions of the other. This type of interaction has can manifest in either a cis 
or trans geometry, with Y−X ⋅⋅⋅X angles of ca. 120°.[65o]  
 
 
 
Figure 1.3.4.219There are two ‘types’ of X-bonds. Type 1 interactions form between two 
polarised halogen atoms in an offset arrangement in either a cis or trans geometry. Type 2 
interactions form between a polarised halogen atom and a Lewis base (electron donor, 
neutral or anionic) and are approximately linear across B⋅⋅⋅X−Y. The so-called L-geometry is 
often observed when both the X-bond donor (X) and acceptor (B)are halogen atoms.  
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Figure 1.3.4.320In the structure of (4-dimethylaminopyridine)(iodopentafluorobenzene), the 
compounds interact through a Type 2 X-bond between the pyridyl nitrogen atom of DMAP 
and the iodine atom of IPFB (denoted by purple and violet dashed cylinders).  
 
X-bonds exhibit energies on par with (or greater than[65h]) H-bonds, in the range 5 to 
200 kJ mol−1 making them viable for the control of self-assembly processes.[65d, 65k] 
The strength of Type 2 X-bonds are dependent on three major factors: X, Y and B. 
 
As previously mentioned, X-bond interactions rely on the presence of an 
electrophilic site trans to the B-X bond.[65o] This site, also known as the σ-hole,[73] is 
the product of moiety Y drawing electron density away from the halogen, X. It 
follows that the more polarisable X is, the greater the degree of electrophilicity 
exhibited by the σ-hole on X will be. Figure 1.3.4.4 (a) displays the electrostatic 
potential on the surface of the halogen for CF4, CF3Cl, CF3Br, and CF3I, as 
calculated by Politzer et al.[73] It can be seen that the electropositivity of the σ-hole is 
significantly increased in the order of least polarisable (F) to most polarisable (I). It 
should also be noted that almost no σ-hole can be observed in the case of CF4, which 
is consistent with the poor tendency of fluorine atoms to behave as X-bond 
donors.[74] One of the very few known cases in which a fluorine atom acts as an 
X-bond donor is the interaction between F2 molecules in the gas phase as 
demonstrated by Legon.[65p] Because X-bonds arise through the electrostatic 
interaction of the σ-hole with electron rich species, it follows that X-bond strength 
o a 
b 
c 
X-bond 
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IPFB 
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typically also follows the polarisability of X, giving rise to the X-bond strength order 
I > Br > Cl > F for X (Figure 1.3.4.4 (b)).  
 
 
 
 
 
Figure 1.3.4.421 (a) Calculation of the surface electrostatic potential of CF4, CF3, CF3Br 
and CF3I in Hartrees at the 0.001 electrons Bohr−3 at the isodensity surface of the molecules. 
Positive numbers (warm colours) are associated with areas of less electron density. The 
electrophilicity of X follows polarisability and hence increases in the order F < Cl < Br < I. 
Very little polarisation of the fluorine atom is observed in the case of CF4, which is 
consistent with experimental results.[74]  Reproduced image sourced from original work of 
Politzer et al.[73] (b) X-bond strength increases with the polarisability of X, thus I > Br > 
Cl aEnergies calculated using DFT methods and include the application of BSSE 
corrections.[75]  
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The electrophilicity of the σ-hole is also sensitive to the degree of the electron 
withdrawing effect exerted on X by Y. The greater the electron withdrawing 
capability of Y, the greater the electrophilicity of X and hence the propensity for X to 
act as an X-bond donor.[76] For this reason, fluorinated[75] (Figure 1.3.4.5 (a)) and 
cationic[59][76] (Figure 1.3.4.5 (b)) moieties are popular candidates for Y for the 
purposes of crystal engineering and supramolecular chemistry. The electrophilicity 
of X is also influenced by the hybridisation of the atom covalently bound to X such 
that X-bond strength follows the order sp > sp2 > sp3 (Figure 1.3.4.5 (c)).[77] Figure 
1.3.4.5 illustrates how changes can be made to Y to increase the effectiveness of 
moiety to act as an X-bond donor.  
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Figure 1.3.4.522The electrophilicity of X and hence X-bond strength can be increased by 
modifying Y in the following ways: (a) the attachment electron withdrawing groups such as 
fluorine atoms (energies calculated using DFT methods and include the application of BSSE 
corrections[75]); (b) the production of Y as a cationic species (calculations showing areas of 
greater electrostatic potential as red and less electrostatic potential as blue with energy units 
in Hartrees[76]); or the manipulation of hybridisation of the atom directly bonded to X 
(energies calculated at the MP2/Lanl2DZ* level and include the application of BSSE 
corrections[77]).  
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In addition to manipulation of the structure of the X-bond donor components (X and 
Y), Type 2 X-bonds vary in strength according to the Lewis base (B, X-bond 
acceptor) interacting with X. For neutral X-bond acceptors, nitrogen containing 
organic compounds such as amine and pyridine derivatives typically form stronger 
X-bonds than oxygen, sulphur or phosphorus containing compounds.[78] A negative 
charge on the acceptor species assists X-bond formation and hence anionic acceptors, 
such as halides, give rise to some of the strongest X-bonds. This has spurred 
investigations into the use of X-bonds in anion coordination chemistry[79] and anion 
recognition.[80] Theoretical studies carried out by Awwadi et al. and Zou et al. 
conclude that in the case of X-bonds involving halide anions, the order of interaction 
strength is F− > Cl− > Br− > I− owing to the fact that the smaller halides have greater 
charge density.[76-77] Figure 1.3.4.6 shows a selection of interactions involving 
different Lewis bases and the respective calculated interaction energies.  
 
 
Figure 1.3.4.623X-bond strength is highly dependent on the acceptor species (B) and 
increases with the electron density of B. a values calculated by Awwadi et al.[76] and Zou et 
al.[77]  
In the field of crystal engineering, one is concerned with the exploitation of 
intermolecular interactions to control crystal structure. To practice this in a deliberate 
and meaningful way, it is imperative that the geometries of the intermolecular 
interactions are predictable (Figure 1.3.2.4). As a consequence of the location and 
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localisation of the σ-hole associated with the X-bond donor, X-bonds are typically 
very close to linear across Y-X···B, and are thus considered to be a highly directional 
interaction with a predictable geometry. H-bonds, which have been utilised 
extensively for crystal engineering purposes, lack the degree of geometrical 
predictability afforded by X-bonds. This is because the entire outer surface of an 
appropriately polarised hydrogen atom is electrophilic in contrast to the localised 
σ-hole observed with X-bond donor halogen atoms.[81] There herein exists a trade-off 
between reliability of formation and predictability of interaction geometry – where 
H-bonds excel at the former and X-bonds at the latter. Figure 1.3.4.7 illustrates the 
key differences in the electrostatic potential profiles of a polarised hydrogen atom 
and a polarised halogen atom and emphasises why X-bonds are typically more 
directional than H-bonds. 
 
 
Figure 1.3.4.724The σ-hole associated with a polarised halogen atom is more localised than 
that of a polarised hydrogen atom, which explains why X-bonds typically display a higher 
degree of linearity than H-bonds.  
 
The greater geometrical predictability of X-bonds compared with the highly utilised 
H-bonds, as well as differences in chemical compatibility make X-bonding a unique 
and useful tool for the assembly of molecular components in supramolecular 
systems.  
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1.4 X-bonding and crystal engineering 
 
1.4.1 X-bond networks 
 
Over the last decade, X-bonds have been utilised for the construction of a diverse 
range of supramolecular architectures in the solid state. These include systems 
involving several molecules linked by X-bonds to form discrete supramolecules, as 
well as 1D, 2-dimensional (2D) and 3-dimensional (3D) networks of X-bond-linked 
molecules or X-bond networks.[65m] Quite often, such assemblies are formed from 
more than one type of molecular component, and, if formed in the solid state, the 
resulting material is called a co-crystal. In a two component system of this type, one 
component is usually an X-bond donor and the other an acceptor. The dimensionality 
of X-bonded molecular assemblies largely depends on the number of functionalities 
on the molecular components that are capable of participating in X-bonds. For 
example, in a co-crystal system, if both the donor and acceptor components each 
possess one X-bonding site (monotopic), they are predicted to assemble into discrete, 
dimeric supramolecules (Figure 1.4.1.1 (a)). If both donor and acceptor have two 
sites (ditopic), the system has potential to form a 1D X-bond network (Figure 1.4.1.1 
(b)).  Systems where components have three (tritopic) and four (tetratopic) 
X-bonding sites can lead to 2D and 3D X-bond networks (Figure 1.4.1.1 (c and d)). 
Figure 1.4.1.1 displays fragments of a selection of crystal structures of co-crystals; in 
which the molecular components are linked by X-bonds with varying degrees of 
dimensionality. 
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Figure 1.4.1.125Examples of reported crystallographic architectures assembled with the 
assistance of X-bonding that involve: a) a monotopic donor and a monotopic acceptor giving 
rise to a discrete dimer [CUPKII];[82]  b) a ditopic donor / acceptor system giving rise to a 1D 
X-bond network [ULOKUB];[83] c) a tritopic donor and a halide ion giving rise to a 2D 
X-bond network [CODCII][84] and d) a tetratopic donor / acceptor system giving rise to a 3D 
X-bond network [PIFVIK].[85] Colour scheme: purple = iodine, yellow = fluorine, red = 
oxygen, violet = nitrogen, grey = carbon and white = hydrogen. X-bonds are shown as 
multi-banded bonds that are coloured according to the elements between which they form. 
This colour scheme/X-bond labelling system will be adhered to for the vast majority of 
graphics in this document.  
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1.4.2 X-bond motifs 
 
The geometrical characteristics or motif of an X-bond network are/is somewhat 
predictable from the relative geometrical orientation of X-bonding functionalities of 
each molecular component, especially if the components are structurally rigid.  For 
example, a system where the X-bond donor is a benzene ring that possesses 
ortho-substituted X-bond donor halogen atoms, and the acceptor is ditopic with 
oppositely facing X-bond accepting sites such as 4,4ʹ-bipyridine (4,4′-bpy), the 
resulting 1D X-bond network is expected to exhibit a zig-zag motif with angles 
respective of the substitution of the halogens (60°, Figure 1.4.2.1 (a)). If the benzene 
ring is instead meta-substituted, it is anticipated that the X-bond network will zig-zag 
at angles of 120° (Figure 1.4.2.1 (b)). Alternatively, if the benzene ring is 
para-substituted, then a linear 1D motif is expected (Figure 1.4.2.1 (c)). To 
conceptualise this, rigid X-bonding components can be thought of in terms of 
structural nodes. A node is characterised by the number and relative orientation of 
X-bonding functionalities possessed by the molecular component. For example, the 
X-bond acceptor included in the above scenarios is a linear ditopic acceptor node. 
Ortho-dihalobenzene is a 60° bent ditopic donor node. This concept is part of what is 
known as the modular approach to crystal engineering. Figure 1.4.2.1 illustrates this 
concept using the di-halo-substituted benzene / linear ditopic acceptor example.b  
 
                                                 
b While these systems have the potential to exhibit the predicted motifs mentioned, it is important to 
note that these motifs are not always experimentally observed. 
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Figure 1.4.2.126Schematic diagram that illustrates the concept of molecular components 
being thought of in terms of structural nodes, and how it can be applied for the making of 
predictions about X-bond motif. In (a), the combination of a 60° bent ditopic donor with a 
linear ditopic acceptor (such as 4,4′-bpy) is expected to produce a zig-zag X-bond motif. A 
similar motif is expected for the combination in (b) except that the kinks in zig-zag chains 
will be instead expected to be around 120°. A linear ditopic donor/acceptor combination as 
in (c) is expected to produce linear X-bond chains (X-bond donors represented in blue and 
acceptors in red, dashed lines represent halogen bonds). X-bond donor sites are shown in 
blue and X-bond acceptor sites are shown in red.  
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When each of the three geometrical isomers of X-bond donor 
dibromotetrafluorobenzene (ortho- (1,2 substitution), meta- (1,3 substitution) and 
para- (1,4 substitution) are co-crystallised with 4,4′-bpy, very similar X-bond motifs 
are observed as those envisaged for each isomer in Figure 1.4.2.1. The observed 
motifs are shown in Figure 1.4.2.2.[86] This example of motif prediction demonstrates 
the practical integrity of the modular approach to crystal engineering, particularly 
when X-bonding plays a significant role in the molecular self-assembly process. It 
should be noted that complementary X-bonding is not required to produce highly 
directional, linear interactions, as is complementary H-bonding. This can be seen 
through the comparison of Figures 1.3.2.4, 1.3.2.7 and 1.4.2.2. 
 
 
Figure 1.4.2.227X-bond motifs observed in co-crystals of each possible geometrical isomer 
of dibromotetrafluorobenzene with 4,4′-bpy closely resemble predictions made in Figure 
1.4.2.1.[86] In (a), ortho- substituted bromine atoms (brown) lead to acute angled zig-zag 
chains [IKUJON]; in (b), meta- substituted bromine atoms lead to obtuse angled zig-zag 
chains [IKUJIH] and in (c) para- substitution leads to linear chains [IKUJUT]. Halogen 
bond interactions arise between bromine (donor) and nitrogen (acceptor). Colour scheme: 
brown = bromine.  
  
a) 
b) 
c) 
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Iodofluorobenzenes (IFBs) are particularly good candidates for X-bond donors. 
Reasons for this are threefold. First, they possess highly polarised iodine atoms 
(X-bond donor sites) which are activated through the electron withdrawing effects of 
both the aromatic system and fluorine atoms. Based on calculations of interaction 
energies provided in Figure 1.3.4.5 (a) and (c), this would suggest that IFBs would 
be strong X-bond donors. Second, they are structurally rigid and can be synthesised 
with virtually any desired iodine atom substitution, affording a variety of reliable 
nodes. This may provide a significant handle on X-bond motif as demonstrated in 
Figures 1.4.2.1 and 1.4.2.2. Third, due to the aromatic structure of IFBs, they possess 
the capacity to participate in π-interactions. To the best of the author’s knowledge, no 
comprehensive studies of the dissociation energies of π-interactions between 
iodofluorobenzenes have been carried out at the time of writing. Lu et al. however 
calculated the energy of a face-to-face π-π interaction involving 1,4-
diiodotetrafluorobenzene (1,4-DITFB, Figure 1.4.2.3 (b)) and benzene to be ca. −33 
kJ mol-1.[87] This interaction energy is on par with X-bonds involving neutral 
acceptor species (see Section 1.3.4) and therefore π-interactions involving IFBs are 
expected to significantly influence crystal packing. This could prove useful from an 
engineering point of view, as π-interactions are largely non-competitive with 
X-bonds. The structural features of IFBs relevant to their use as X-bond donors are 
highlighted in Figure 1.4.2.3. 
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Figure 1.4.2.328The structural characteristics of IFBs make them ideally suited to the use as 
X-bond donors for the purposes of crystal engineering. This is because they (a) possess 
highly polarised iodine atoms due to the presence of electron withdrawing fluorine atoms 
and the aromatic ring (units for electrostatic potential in au at the molecular surface electron 
density (0.001 electrons Bohr−3), diagram adapted from original work of X.R. Zhao et al.);[88] 
(b) exhibit rigid and versatile chemical structures leading to a variety of node possibilities 
(DITFB = diiodotetrafluorobenzene, TITFB = triiodotrifluorobenzene); and (c) possess the 
capacity to participate in non-competitive π-interactions.  
 
 
 
 
F F
I
FF
F
FF
I
F F
F
I I
F
FF
F
F
I
F
I
F
IF F
I
FF
I
I
F
F
F
I
F
F F
I
FF
F
1,3,5-TITFB 1,3-DITFB 1,4-DITFB 1,2-DITFB 
b) Rigid and versatile structure 
c) Capacity for π-interactions 
a) 
e− 
e− 
e− 
e− 
e− 
e− 
Electron poor 
Electron rich δ- 
δ- 
δ- 
δ- δ- 
δ+ 
Highly polarised iodine ) i l  polarised iodine atom(s) 
Chapter 1 
 
40 
 
1,4-DITFB has been proven to be an effective X-bond donor. When this project was 
commenced, there were over 90 structures in the CSD in which 1,4-DITFB acted as 
an X-bonding component and in the vast majority of these it acted as a ditopic linear 
linker through the formation of two X-bond interactions involving the iodine atom 
donors Figure 1.4.2.4 (a). 4,4′-Bpy is a potentially ditopic linear X-bond linker due to 
the diametrically opposed directionality of the Lewis basic lone pairs of the nitrogen 
atoms (as illustrated in Figure 1.4.2.4 (b)). The geometric disposition of X-bonding 
sites on the components leads to predictable supramolecular arrangements as 
observed in crystals of the supramolecular complex [(1,4-DITFB)(4,4′-bpy)] in 
which the molecules are arranged in 1D-chains with linear propagation (Figure 
1.4.2.4 (c)).[89] 
 
Figure 1.4.2.429(a) 1,4-DITFB has been shown to act as a ditopic linear X-bond donor node 
that forms linear 1D X-bond chains with ditopic linear X-bond linkers. (b) 4,4′-bpy is an 
example of a ditopic linear X-bond linker due to the geometric disposition of Lewis basic 
sites. (c) 1,4-DITFB forms linear 1D X-bond chains with 4,4′-bpy [QIHBEO].[89]  
 
In contrast, the predictability of supramolecular motifs for 
1,2-diiodotetrafluorobenzene (1,2-DITFB), 1,3-diiodotetrafluorobenzene 
(1,3-DITFB) and 1,3,5-triiodotrifluorobenzene (1,3,5-TITFB) was not well 
established (see Figure 1.4.2.3 (b) for chemical structures of named compounds).  
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Like 1,4-DITFB, 1,2-DITFB possesses two polarised iodine atoms, and therefore has 
the potential to be a ditopic X-bond donor. As the iodine atoms are oriented 60° from 
each other, it is anticipated that 1,2-DITFB can act as a 60° bent ditopic X-bond 
donor node as illustrated in Figure 1.4.2.5 (a). Upon commencement of this project 
there were only 6 unique crystal structures in the CSD incorporating 1,2-DITFB in 
X-bonded co-crystals. In crystals of [(1,2-DITFB)(4,4′-bpy)], the molecules are 
arranged in X-bonded chains that propagate with zigzag topology due to the 
disposition of the iodine atoms of 1,2-DITFB (displayed in Figure 1.4.2.5 (b), 
[MIYKOU]).[90] In other structures, with relatively strongly X-bonding N-acceptor 
molecules such as thiomorpholine[91] and thiocyanate,[92] the 1,2-DITFB is also 
ditopic. In the two structures with weak X-bonding S-acceptor molecules, the 
1,2-DITFB is monotopic[93] even though there are no obvious steric inhibitors to the 
formation of two X-bonds (Figure 1.4.2.5 (c) [NUSCAG]).  
 
Figure 1.4.2.5301,2-DITFB is potentially a 60° bent ditopic X-bond donor node (a). It has 
been shown to act as in this manner with moderately strong acceptors such as the nitrogen 
atoms of 4,4ʹ-bpy (b). It has acted as a monotopic donor with weaker sulphur atom acceptors, 
such as in the case of crystals of [1,3-dihydro-2H-benzimidazole-2-thione(1,2-DITFB)] (c).  
a) 
b) 
c) 
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To the present day there are have only been 5 crystal structures containing X-bond 
donor 1,3-DITFB reported. In all of these 5 structures, 1,3-DITFB makes two 
X-bonds, one from each iodine donor atom. The meta- substitution of iodine atoms 
causes 1,3-DITFB to act as a 120° bent ditopic X-bond node as illustrated in Figure 
1.4.2.6 (a). Crystals of [(1,3-DITFB)(4,4′-bpy)] feature 1,3-DITFB molecules acting 
as 120° bent ditopic donor nodes connecting ditopic 4,4′-bpy molecules to produce 
infinite 1D zig-zag X-bond chains (Figure 1.4.2.6 (b), [SIMHAY]).[94] In this case, 
4,4′-bpy acts less like a linear linker and more like a bent node, activity which is 
perhaps elicited by the presence of a bent node in 1,3-DITFB. Other structures 
include 1,3-DITFB co-crystallised with the strong nitrogen donor DMAP[95] where 
discrete, supramolecular trimers are formed, and with the anionic thiocyanate 
acceptor[92] to produce infinite 1D zig-zag X-bond chains. Some studies have been 
concerned with the use of 1,3-DITFB as a donor for the X-bond driven self-assembly 
of liquid crystalline materials (Figure 1.4.2.6 (c) [HIZBAU]).[96] 
 
 
Figure 1.4.2.6311,3-DITFB is a potential 120° bent ditopic donor node (a). It behaves this 
way when co-crystallised with either (b) 4,4′-bpy or (c) hexyloxystilbazole.  
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1,3,5-TITFB possesses three iodine atoms and hence has the potential to act as a 
tritopic X-bond donor. Therefore unlike 1,2-DITFB, 1,3-DITFB and 1,4-DITFB, 
1,3,5-TITFB may contribute to the formation of 2D and 3D networks. The 
substitution of iodine atoms in positions 1, 3 and 5 result in 1,3,5-TITFB being a 
potential trigonal node as shown in Figure 1.4.2.7 (a). While there were more 
structures in the CSD (21 unique co-crystals) at time of project commencement, most 
of them (16) incorporated anionic acceptors (halide or thiocyanate). In these 
structures, 1,3,5-TITFB is tritopic, forming X-bonds at all three iodine atoms with 
just one exception in which two X-bonds form.[97] It is therefore reasonably clear that 
with strong anionic X-bond acceptors the preferred X-bond connectivity for 
1,3,5-TITFB is tritopic, with the result being formation of 2D trigonal nets (Figure 
1.4.2.7 (b) [CODCII]). Of the remaining 5 structures, which involve weaker neutral 
X-bond acceptors, less can be deduced. In co-crystals comprising 1,3,5-TITFB and 
4,4′-bpy or other similar ditopic pyridyl X-bond acceptors, the 1,3,5-TITFB 
consistently forms two rather than the maximum possible three X-bonds (Figure 
1.4.2.7 (c) [WEXWEC]).[98] As an interaction with a charge transfer component, it is 
possible that each subsequent X-bond that forms lowers the capacity of the 
remaining iodine atoms to form X-bonds and there is computational evidence 
provided by the group of Bruce that this is the case.[95] Notably, this recent study 
(Bruce) reports the first, and to date only, example of a co-crystal of 1,3,5-TITFB in 
which all three iodine atoms form X-bonds to a neutral X-bond acceptor (in this case 
DMAP) (Figure 1.4.2.7 (d) [RUYJAX]). This result indicates that if the crystal 
packing is favourable, 1,3,5-TITFB is a potential tritopic X-bond linker with neutral 
X-bond acceptors. 
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Figure 1.4.2.7321,3,5-TITFB is a potential trigonal tritopic donor node due to the 
substitution pattern of iodine atoms (a). 1,3,5-TITFB forms 2D nets when co-crystallised 
with anionic (strong) X-bond acceptors such as the iodide ions of tetraethylammoniumiodide 
(cations omitted for clarity) (b). 1,3,5-TITFB typically forms two rather than 3 X-bonds with 
neutral acceptors (c) except in the case of DMAP where it forms three (d).  
 
 
Despite their potential for use as building blocks in X-bonded networks, there was 
(and still is) strikingly little known regarding the predictability and reliability of 
supramolecular motifs for 1,2-DITFB, 1,3-DITFB and 1,3,5-TITFB compared with 
the linear analogue 1,4-DITFB (6, 5 and 21 structures compared with > 90 structures 
respectively).  
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1.5 Metal complexes and crystal engineering 
  
A metal complex is comprised of a metal atom or ion coordinated to electron 
donating ligands. Charge transfer effects between metal centres and ligands and from 
one complex to another lead to a diverse range of optical and magnetic properties, 
unique to those available from purely organic materials. Such properties are often 
heavily influenced by the immediate electronic environment, and hence can often be 
altered and even tuned by controlled spatial distribution of metal complexes in the 
solid state. Additionally, metal complexes exhibit a greater array of molecular 
geometries compared with those available to organic molecules, allowing for more 
complex structural design. For these reasons, metal complexes can provide versatile 
building blocks for the engineering of technologically useful crystalline materials.[99]  
 
One well-established technique in this field is the use of ditopic or polytopic ligands 
(with two or more donor atoms in designed orientations) directly linking metal atoms 
to form metal-organic-framework (MOF) solids (Figure 1.5.1 (a)).[22a] An alternative 
approach is the exploitation of weak, directional intermolecular interactions to 
arrange and orient metal complexes in the solid state (Figure 1.5.1 (b)). This field is 
also well developed with hydrogen bonding and π-interactions as the principal 
intermolecular forces.[62, 100] 
 
Figure 1.5.133Established techniques for crystal engineering of metal complexes include the 
use of (a) polytopic ligands to bridge metal centres (MOFs) and (b) H-bonding and 
π-interactions involving ligands.  
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X-bonding however has received far less attention, and hence an opportunity is 
presented for the improvement of the understanding of how X-bonding can be 
utilised for the purposes of crystal engineering involving metal complexes as 
building blocks.[101] A summary of representative examples of work that has been 
thus far reported in this field is provided below. 
 
One area that has been investigated is the case of C−X⋅⋅⋅Xʹ−M, wherein C−X is the 
X-bond donor and Xʹ is a halogen ion directly coordinated to a metal ion M. While 
there are many examples of this type of interaction in the literature, there has been 
relatively little research conducted on how it can be exploited for the controlled 
assembly of molecular components in comparison to the analogous H-bonding 
interaction. Metrangolo and Resnati have drawn attention to this in a very recent 
viewpoint article.[102] Of the research that has been carried out, halometallate 
complexes are among the most widely investigated inorganic species to participate in 
X-bonding. Halopyridinium (XpyH; X = F, Cl, Br, I) and other positively charged 
heterocycles are probably the most widely studied X-bond donor for this type of 
system. Figure 1.5.2 (a) provides an illustration of the basic components of these 
systems. The group of Brammer et al. have conducted a large proportion of this 
research. Much of their work has been focused on the crystal structures of 
(a-XbpyH)c[MXʹn] salts (a = 2, 3, 4; X = Cl, Br, I; b = 1, 2; c = 2, 3; M = Fe, Co, Cu, 
Pd, Pt, Au; Xʹ = Cl, Cl/Br, Br, I; n = 4 (tetrahedral), 6 (octahedral)) (an illustration of 
the example (3-IpyH)2[PtCl6] is provided in figure 1.5.2 (b)).[71d, 103] The positive 
charge associated with the pyridinium moiety enhances X-bond donor activity of the 
halogen atom(s) X, and hence these systems reliably display X-bond connectivity 
between X (donor) and Xʹ (acceptor). H-bonds of the form N−H⋅⋅⋅X−M are also 
present. Modification of a, X, b, c, M, Xʹ and n has resulted in the production of a 
plethora of supramolecular networks, including 1D tapes, 2D nets, cross-linked tapes 
and ladders. An example of a structure involving an octahedral [MXʹ6]n+ complex is 
given in Figure 1.5.2 (c). Willet et al. have also been involved in this area of 
research. They investigated the role of the C−Cl⋅⋅⋅Xʹ−Cu synthon in the assembly of 
(n-ClpyH)[CuXʹ4]2 salts (n = 2, 3, 4; Xʹ = Cl, Br).[104] 1D supramolecular chains and 
sheets were observed in the crystal structures. 
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Figure 1.5.234(a) (b) Structure of an (a-XbpyH)c[MXʹn] salt where a = 3, X = I, b = 1, c = 2, 
M = Pt, Xʹ = Cl and n = 6. (c) The structure of (3-IpyH)2[PtCl6]⋅2H2O has molecules 
arranged in supramolecular sheets, which propagate through I⋅⋅⋅Cl−Pt, N−H⋅⋅⋅O and 
O−H⋅⋅⋅Cl−Pt interactions [YAGXUA].[103b] Colour Scheme: Grey = Platinum. H-bonds are 
shown as black dashed lines.  
 
Brammer and Espallargas et al. have conducted investigations involving the 
interaction between halogenated pyridine ligands (Xpy; X = F, Cl, Br, I) and 
metal-bound halogen ions.[105] Square planar complexes of the form [MXʹ2(L)2] (M 
= Pd, Pt; Xʹ = F, Cl, Br, I; L = 3-Xpy, 4-Xpy) were shown to form 
self-complementary X-bond networks where the halogen atom possessed by the 
pyridine ligand was the donor and X the acceptor. Observed motifs included 1D 
supramolecular tapes (Figure 1.5.3 (a)) and 2D supramolecular sheets (Figure 1.5.3 
(b)). The group of Jones et al. reported the crystal structure of [Au(3-Brpy)2][AuCl2] 
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which features linear [AuCl2]− ions X-bonded to linear [Au(3-Brpy)2]+ cationic 
complexes.[106] This connectivity resulted in supramolecular sheets linked by Au⋅⋅⋅Au 
interactions. 
 
 
Figure 1.5.335Square planar complexes [MXʹ2(L)2] arrange into 1D ribbons and 2D layers 
respectively, on account of X-bonding between halopyridinium moieties (donor) and 
metal-bound halides (acceptor).[107]  
 
More recently the group of Rissanen has investigated the structural impacts of 
X-bonds between (2,6-bis[(di-t-butylphosphino)methyl]-phenyl) palladium halides 
(PCPPdX; X = Cl, Br, I) and X-bond donors I2, 1,4-DITFB and 
1,4-diiodooctafluorobutane.[108] They concluded that X-bond strength follows the 
order Cl− > Br− > I− for X. They also observed zig-zag motifs involving 1,4-DITFB 
(figure 1.5.4) and 1,4-diiodooctafluorobutane. In these examples, the metal-bound 
halide acted as an X-bond acceptor to two donor molecules (bifurcated X-bond). 
 
 
1D Tapes observed for 
M = Pt and X = Cl, Br 
M = Pd and X = I  
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Figure 1.5.436In the structure of PCPPdCl and 1,4-DITFB, molecules are assembled in a 
zig-zag X-bond motif [YARMAH]. Metal-bound chloride participates in a bifurcated 
X-bond to two 1,4-DITFB molecules. 1,4-DITFB acts as a linear, ditopic linker.  
 
X-bonding is also relatively well recognised in cyanometallate complexes 
[M(CN)x]y, where the ligands of the complex act as X-bond acceptors. The crystal 
structure of [Ru(bpy)(CN)4]2− with N-methyl-3,5-diiodopyridinium cations displays 
X-bonded 1D chains complemented by π-stacking, as demonstrated by Ward et al 
[QOXGAM]. (Figure 1.5.5).[109] Other important examples of X-bonding 
cyanometallates include [Re6Se8(CN)6]4− clusters linked in linear chains by 
Re−CN⋅⋅⋅I−C(R)C−I⋅⋅⋅NC−Re (I−C(R)C−I = 1,4-bis(iodoethynyl)benzene);[110] 
iodine containing radical cation salts linked by strong I⋅⋅⋅NC−Fe X-bonds to 
[Fe(CN)5(NO)]4− anions;[111] and salts of the radical cation 
diiodoethylendithiodithiadiselenafulvalene electrocrystallised with square planar 
[Au(CN)4]−[112] and with [M(CN)4]2− (M = Ni, Pd, Pt).[113] Recently the complex 
[Cr(CN)6]3− has been reported to co-crystallise with the cation [3-IpyH]+ into discrete 
X-bonded tetramers.[114]  
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Figure 1.5.537In the structure of [Ru(bpy)(CN)4]2− co-crystallised with 
N-methyl-3,5-diiodopyridinium, molecules are arranged in 1D X-bond chains complemented 
by π-stacking.[109]  
 
Many other chemical functionalities have been shown to act as X-bond acceptors in 
inorganic systems including carbonyl (C=O), thiocarbonyl (C=S), thiocyanato 
(SCN−), nitrite (NO2−), nitrido (M≡N), oxo (M=O) and nitrosyl (NO). Important 
examples of many of these are described in depth in recent review articles.[101, 115] 
Within the vast majority of these structures, the angle across Y−X⋅⋅⋅B is almost linear 
(> 165°). The geometry of the L−B⋅⋅⋅X (L = ligand) angle however is highly variable 
as X can interact with any form of electron density associated with B, be it an exo 
lone pair, the R=B π-bond or others.[114] 
 
In all of these examples, and indeed in all of the work that has been reported thus far 
in this field, the metal complex component has been included in the system as a part 
of the X-bond network. Ligands are selected on their merit as X-bond donors or 
acceptors so that the metal complex itself is directly involved in X-bonding (refer to 
Figure 1.5.1 (b)).  The major driving force behind the focus on systems of this type is 
the fact that metal complexes can provide structural nodes unique to those available 
from organic compounds. For example, metal complexes can exhibit linear, trigonal 
planar, tetrahedral, square planar, square pyramidal, trigonal bipyramidal, and 
octahedral molecular geometries. A wide variety of structural nodes can be produced 
from these geometries if ligands are carefully selected. Figure 1.5.6 provides a 
comparison of some the nodes that are available to metal complexes and organic 
molecules. 
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Figure 1.5.638Metal complexes can provide many nodes unavailable in purely organic 
molecules and therefore make useful X-bond network building blocks.  
 
Despite the rich diversity of structural nodes afforded by metal complexes, the 
approach to the engineering of crystalline compounds containing metal complexes by 
including metal complexes as direct participants in X-bond networks has several 
drawbacks.  
 
First, very few known structures can boast efficient transfer of structural node 
geometry from metal complex to X-bond network, as the majority of ligands 
employed do not exhibit strictly linear L−B⋅⋅⋅X angles (L = ligand, B = X-bonding 
site possessed by L, X = X-bonding site possessed by neighbouring molecules). 
Consider the example provided in Figure 1.5.5. Metal complex [Ru(bpy)(CN)4]2− 
(Figure 1.5.7 (a)) has been purposefully designed to act as a specific structural node 
as illustrated in Figure 1.5.7 (b). However, when one observes the actual topology of 
this node in the structure presented (Figure 1.5.7 (c)), it can be seen that very little if 
any control over X-bond motif has been accomplished. Two of the four cyanide 
ligands are involved in X-bonds that are somewhat linear across L−B⋅⋅⋅X. These 
cyanide groups are trans-related, so the node has a linear linking component. Of the 
Nodes available to metal complexes 
Nodes available to organic molecules 
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other two cyanide ligands however, one participates in an X-bond poised at the 
virtually unpredictable L−B⋅⋅⋅X angle of 104.8° whilst the other is not involved in 
X-bonding of any kind. Halometallate X-bond acceptors also exhibit poor X-bond 
network directing ability, as seen in the example of (3-IpyH)2[PtCl6]⋅2H2O provided 
in Figure 1.5.2 (c). Halometallate and cyanometallate systems make up the vast 
majority of reported attempts to deliberately exploit X-bonding to organise metal 
complexes in the solid state, and very few of these demonstrate any reasonable level 
of control over the X-bond motif. In addition, many of the other ligands employed 
for this purpose also exhibit poor network directing traits (e.g. carbonyl, 
thiocarbonyl, thiocyanato, nitrite, nitrido, oxo and nitrosyl ligands).  
 
 
Figure 1.5.739[Ru(bpy)(CN)4]2− (a) has been specifically designed to act as a tetratopic 
X-bond donor node with a designated geometry (b). However, in the crystal structure of 
(3-IpyH)2[PtCl6]⋅2H2O, a poor efficiency of transfer of structural node geometry from metal 
complex to X-bond network is demonstrated (c).  
 
Second, a problem lies in the Lewis basic nature of many X-bonding functionalities 
(such as halides, cyanides, carbonyls and amines), in that they can often coordinate 
Ru
N
N
N
N
N
N
a) b) 
c) 
Chapter 1 
 
54 
 
to metal ions as well as participating in X-bonds. This becomes an issue during the 
synthesis of metal complex X-bonding nodes, as the ligands are required to possess 
at least two Lewis basic sites – one to coordinate to a metal ion and at least one to 
participate in X-bonding interactions (Figure 1.5.8 (a)). Such ligands have the 
potential to coordinate to metal ions at more than one Lewis basic site forming MOF 
type materials (Figure 1.5.8 (b)) rather than discrete supramolecular building blocks 
(Figure 1.5.8 (c)). 
 
Figure 1.5.840Synthesis of metal complexes with X-bond accepting groups (Lewis basic 
sites) on their periphery (c) can be complicated by the formation of coordination polymers 
(b).  
 
Third, requiring the metal complex to be part of the X-bond network is restrictive on 
chemical functionality possessed by the metal complex itself. The chemical 
structures of the ligands coordinated to a metal ion have a fundamental impact on the 
physical properties of the complex and of the bulk material. If the metal complex is 
to be directly involved in X-bonding, then ligands must be chosen such that the 
appropriate chemical functionalities are available to neighbouring molecules. Many 
metal complexes known to exhibit interesting physical properties do not possess 
ligands with X-bond donors/acceptors located on their periphery. For example, 
[Ru(bpy)3]n+ is widely known for its combination of chemical stability, redox 
properties, excited state reactivity, luminescence emission, and excited state lifetime 
(n = 1 to 3).[116] These properties are a product of a ruthenium metal centre being 
coordinated to pyridyl donor ligands in an octahedral geometry. Tremendous 
research efforts have been devoted to the investigation of the photochemistry of 
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[Ru(bpy)3]n+ and the hundreds of polypyridyl derivatives which have also been 
synthesised.[117] This particular complex and many such derivatives do not feature 
peripheral X-bonding sites as illustrated in Figure 1.5.9. The manipulation of the 
properties featured by this critically important category of compounds is not possible 
if direct participation in the X-bonding network is a requirement. 
 
 
Figure 1.5.941[Ru(bpy)3]n+ does not possess peripheral X-bond donor/acceptor sites and 
hence X-bond mediated crystal engineering of this complex is not possible if the complex 
itself is required to take part in the X-bond network.  
 
An alternate approach towards the controlled spatial distribution of metal complexes 
in the solid state is suggested in this thesis. This approach is focused on the 
utilisation of a multi-component system, in which the metal complex component is a 
guest encapsulated in an X-bond network host formed by other components. Instead 
of controlling the topology of the X-bond network directly, the metal complex acts as 
a template for the network to form around (Figure 1.5.10).  
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Figure 1.5.1042A schematic representation of the proposed multi-component system, which 
is comprised of an X-bond network templated by metal complexes.  
As the metal complex is no longer relied upon for X-bond formation, issues such as 
poor node functionality, problematic synthesis and chemical structure restriction are 
avoided. On the contrary, it may become possible to engineer the crystal structure of 
any metal complex, opening a door to an enormous opportunity to design new 
functional materials. Due to the novelty of such an approach, many fundamental 
questions must be addressed. How can X-bond networks be designed so as to include 
metal complexes when many metal complexes crystallise well on their own? Will 
X-bond networks be sufficiently robust so as to be able to accommodate a range of 
differently sized and shaped metal complexes? How will a metal complex of a 
certain shape and size may affect the topology of the network? Can the X-bond 
network around a metal complex be altered by varying the X-bonding components? 
This thesis aims to address these questions and in doing so present a novel method 
for the X-bond mediated crystal engineering of metal complexes. 
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2. OBJECTIVES  
 
In broad terms, the goal of this research is to better the current understanding of how 
X-bonding can be exploited for the deliberate induction of desired arrangements of 
molecules in crystalline materials. More specifically, the objectives of this project are 
two-fold: 1) to investigate the supramolecular character of three lesser-known 
iodofluorobenzenes in crystalline materials and in turn make an assessment of their 
potential as X-bond donor tectons for crystal engineering; and 2) to use this 
information in order to address a lapse in the knowledge base of the rapidly 
progressing field of halogen bonding: the X-bond mediated crystal engineering of 
transition metal complexes. 
 
2.1   Specific objectives 
 
1. Investigation of the supramolecular character of the lesser known 
iodofluorobenzenes 1,2-diiodofluorobenzene, 1,3-diiodofluorobenzene and 
1,3,5-triiodofluorobenzene in crystalline materials, primarily focussing on 
their ability to function as X-bond donors. 
Despite the many successes found in the exploitation of 1,4-diiodotetrafluorobenzene 
for the controlled, X-bond driven self-assembly of components in crystalline 
materials,[1] there has been little attention cast toward other iodofluorobenzenes, 
namely 1,2-diiodotetrafluorobenzene, 1,3-diiodotetrafluorobenzene and 
1,3,5-triiodotrifluorobenzene. This is surprising considering the chemical structures 
of these molecules, which appear to be favourable in terms of their potential to act as 
X-bond donors with predictable topologies. In order to investigate the crystalline 
supramolecular chemistry of these compounds, it was planned to co-crystallise them 
with known X-bond acceptors DABCO and HMTA (Figures 5.2.1.1 (a) and 5.2.2.1 
(b) respectively). Analysis of the crystal packing of the X-bond adducts obtained will 
provide information aiding the assessment of the X-bond donor potential of these 
molecules in a crystal engineering context. 
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2. Development of an alternate approach for the X-bond mediated crystal 
engineering of metal complexes. 
Over the past decade, there has been an exponential increase in the use of X-bonding 
as a principal driving force for self-assembly processes, particularly in the field of 
crystal engineering.[2] In spite of their rich diversity of optical and magnetic 
properties, there has been relatively little development in the use of X-bonding for 
self-assembly processes involving metal complexes, especially compared to the 
amount of research focused toward the use of coordination chemistry, H-bonding and 
even π-interactions for this purpose. In the work that has been done in this area, 
researchers have typically followed an approach where metal complexes directly 
partake in the formation of X-bonds. This approach is motivated by the vast array of 
molecular geometries available to metal ions (e.g. linear, square planar, tetrahedral, 
octahedral, etc.) which can potentially be transferred to X-bond networks. However, 
more often than not, the topology of the metal complex node is not efficiently 
transferred to the network. Also, the specific nature of ligands required to ensure that 
a metal complex is able to function as an X-bonding node is both restrictive on 
chemical structure (and hence properties) and synthetically troublesome. This 
research is aimed at the development of an alternate approach where an X-bond 
network, made up from the combination of an X-bond donor and an X-bond 
acceptor, is responsible for organising guest metal complexes in the crystal structure. 
Three main components are necessary to create such a system: an X-bond donor, an 
X-bond acceptor and a metal complex. Iodofluorobenzenes are to be used as the X-
bond donor. An X-bond acceptor component that could form a strong attractive 
interaction with the metal complex, such as a Columbic interaction, is to be chosen 
so as to promote the inclusion of the metal complex guest. Metal complexes without 
peripheral X-bonding sites and hence without the capability to compete with X-
bonding interactions are preferred. This approach negates the requirement of 
X-bonding functionalities on metal complexes, meaning that potentially, the crystal 
structure of any metal complex can be engineered.  
2.2    References for Objectives 
[1] D. Cinčić, T. Friščić, W. Jones, Chem. Eur. J. 2008, 14, 747-753. 
[2] P. Metrangolo, G. Resnati, Cryst. Growth Des. 2012, 12, 5835-5838. 
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3. EXPERIMENTAL METHODOLOGY 
 
In order to deepen the understanding of how X-bonding can be exploited for the 
purposes of crystal engineering, a strategic selection of X-bond donor/acceptor 
adducts were prepared via co-crystallisation and their crystal structures collected 
using single crystal X-ray diffraction (SCXRD). The general experimental routine for 
carrying this out is summarised in the flow chart below: 
 
 
 
Each of these processes is described in detail in the following sections. 
 
 
 
 
 
 
 
 
 
 
X-bond donor 
molecule 
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molecule 
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3.1 Synthesis of X-bond donor/acceptor molecules 
 
All X-bond donor/acceptor molecules used in this project were either purchased from 
commercial sources or prepared according to literature methods. All compounds 
listed herein were characterised by at least one of the techniques used in the original 
work for comparison.  
 
3.1.1 Synthesis of X-bond donor molecules (iodofluorobenzenes) 
Four X-bond donor molecules were used in this project. Two of these, 1,2-DITFB 
and 1,4-DITFB, were available commercially. The other two compounds, 1,3-DITFB 
and 1,3,5-TITFB, were unavailable from commercial sources and were instead 
synthesised according to literature procedures (Sections 4.2.1 and 4.2.2).  
 
3.1.2 Synthesis of X-bond acceptor molecules 
 
A variety of X-bond acceptor molecules were employed for the purposes of this 
project. DABCO, HMTA and triethylamine (TEA) were purchased from commercial 
sources. Metal complexes were synthesised from commercially available metal 
chloride salts and ligands according to literature procedures (Section 4.3). 
Menshutkin reaction products were synthesised according to methods described 
Section 3.2.3. 
 
3.2 Co-crystallisation and associated techniques 
 
Co-crystallisation is a process wherein two or more molecular components are 
crystallised together simultaneously giving rise to a singular crystalline species. The 
resulting material is a stoichiometric mixture of the components, the ratio of which is 
governed by the crystal packing. Co-crystallisation is known to occur simply because 
the different molecular components “fit together” well, but is most commonly 
observed when there are relatively strong intermolecular interactions between 
components, such as H-bonds, X-bonds, etc. Within the realms of this project, 
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co-crystallisation has been used to study the way molecules X-bond, and how those 
X-bonds affect the crystal structure. 
 
When two molecules have been selected to be co-crystallised together, the first step 
is to deduce a logical stoichiometric ratio at which to mix them. This deduction is 
drawn from knowledge of the types of intermolecular interactions that might form 
between the molecules in the solid state and how many interactions might occur. For 
example, consider if iodobenzene was to be co-crystallised with pyridine. 
Iodobenzene possesses one X-bond donor site and pyridine possesses one X-bond 
acceptor site. The logical outcome is that one X-bond would be made between the 
compounds, thus forming a discrete, 1:1 dimeric supramolecular complex repeated 
infinitely throughout the crystal. An ideal mixing ratio to start the co-crystallisation 
with in this case would be 1:1 (Figure 3.2.1 (a)). If iodobenzene was to be 
co-crystallised with pyrazine, which has two X-bond acceptor sites, a supramolecular 
trimer could be formed and the logical mixing ratio would change to 2:1 (Figure 
3.2.1 (b)). It is however important to note that just because it is possible for a certain 
number of interactions to occur doesn’t necessarily mean that they will occur. For 
example, even though pyrazine can potentially form X-bonds to two iodobenzene 
molecules, the compounds may still crystallise in a 1:1 ratio (Figure 3.2.1 (c)). It is 
even possible that the molecules crystallise in a 1:2 ratio, with one pyrazine molecule 
X-bonding and the other not participating in X-bonds. In fact, any stoichiometric 
ratio is indeed possible, and so the initial mixing ratio does not necessarily reflect the 
ratio of components found in crystals. It is also possible for different crystalline 
phases to form when the same combination of components are co-crystallised from 
different solvents. Likewise, it is possible for multiple unique crystalline phases to 
form from a single solvent and even from a single crystallisation experiment.   
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Figure 3.2.11A logical ratio at which to mix iodobenzene and pyridine for co-crystallisation 
would be 1:1 (a). The logical ratio to mix iodobenzene and pyrazine would be 2:1 (b). It is 
however possible for any ratio of components to appear in the crystalline product, as in 
scenario (c).  
 
Three different co-crystallisation techniques were used in this project, the choice of 
which depended on the solubilities of solutes and adducts, as well as the chemical 
reactivity of solutes. 
 
3.2.1 Co-crystallisation from slowly evaporating solvent(s) 
 
This technique is usually adequate when the compounds to be co-crystallised are 
both soluble in a volatile solvent. The compounds are dissolved in a volatile solvent, 
which is allowed to evaporate slowly. As the level of solvent reduces, the 
concentration of solutes increases until such time as precipitation occurs. Suitable 
crystals can often be grown by simply allowing the solution to evaporate to dryness. 
Most of the compounds described in this project were crystallised in this way. 
 
In the event that solvent molecules are included in the crystal lattice (solvated), it can 
be important to cease evaporation prior to dryness. This is because volatile solvents 
can diffuse and evaporate out of the crystal lattice leading to crystallographic voids 
in the space they once occupied. These voids often cause decomposition of the lattice 
and overall loss of crystallinity. In order to prevent solvate evaporation, a 
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non-volatile, miscible solvent in which the compounds are not soluble can be added 
to the original solution in a proportion that does not cause immediate precipitation. 
When the volatile solvent has evaporated, the crystals are left submerged in the 
non-volatile solvent, preventing (or at least slowing) the evaporation of solvated 
molecules. 
 
The compounds to be co-crystallised were dissolved in a crystallographically viable 
ratio in separate portions of a volatile solvent (ca. 0.5 to 1 mL) in small, glass sample 
vials, such that the total mass of solutes was ca. 10 to 30 mg. Dissolution was 
occasionally aided by sonication in cases involving slow dissolving material. Once 
fully dissolved, the separate solutions were combined in a single vial before being 
filtered through cotton wool in a pipette into a new, clean vial. When required, ca. 
0.2 to 0.5 mL of a miscible, non-volatile solvent was added, making sure no 
immediate precipitation was evident. A lid was then only partially fitted, allowing for 
the slow evaporation of the solvent.  
 
3.2.2 Co-crystallisation through slow precipitation of insoluble 
adducts 
 
In a few cases, crystalline material would form prior to any significant evaporation of 
solvent when employing the slow evaporation method to grow crystals. This could 
lead to one of two problems: either (a) other phases would form upon the evaporation 
of solvent yielding a phase impure sample or (b) the crystals would be too small for 
X-ray crystallography as a result of the speed at which they grew. 
 
In the case of (a), the vial was sealed allowing only one phase to grow. In the case of 
(b), the concentration of solutes was decreased by increasing the volume of solvent 
used and/or decreasing the mass of solutes in addition to sealing the vial. 
 
 
 
 
Chapter 3 
 
72 
 
3.2.3 Co-crystallisation by Menshutkin reaction in sealed vial 
 
A crystallographically viable ratio of the compounds to be co-crystallised were 
dissolved in separate portions of dichloromethane (DCM) or dibromomethane 
(DBM) (ca. 0.5 to 1 mL) in small, glass sample vials, such that the total mass of 
solutes was ca. 10 to 30 mg. Once fully dissolved, the separate solutions were 
combined in a single vial before being filtered through cotton wool in a pipette into a 
new, clean vial. If immediate precipitation occurred, the experiment was repeated 
with the solvent diluted 1:1 with CHCl3. The vial was sealed with a lid and polymer 
film wrap and left until crystals ceased to form (typically 1 hour to 3 days). This 
method is further discussed in Section 6.1. 
 
3.3 Characterisation techniques 
 
3.3.1 Single crystal X-ray diffraction (SCXRD) 
 
This project was concerned with the crystal structures of X-bonded adducts. SCXRD 
was used to obtain all crystal structures presented in this thesis, and can therefore be 
considered as the primary technique for characterisation. The majority of structures 
were solved and refined by the author (with occasional assistance from Dr. John 
McMurtrie, Ass. Prof. Graham Smith and Prof. Peter Healey). 
 
3.3.1.1 Handling of crystals 
 
In order to minimise lattice decomposition, crystals were stored in the crystallising 
vessel until analysis was carried out. A polarising microscope was used to identify 
potential single crystals without removing sample from the crystallising vessel. A 
crystal of promising appearance was then removed from the crystallising vessel using 
a needle coated with hydrocarbon oil. The crystal was then rapidly but carefully 
coated in oil and mounted on a glass fibre on the goniometer head of the 
diffractometer under a stream of cold nitrogen gas (173 ± 2 K). This methodology 
proved to satisfactorily preserve the structural integrity of the crystals analysed 
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during this project. The crystal on the goniometer head was then aligned with the X-
ray beam. 
 
3.3.1.2 Instrumentation and data collection 
 
SCXRD data were collected under the software control of CrysAlis CCD[1] on an 
Oxford Diffraction Gemini Ultra diffractometer using Mo-Kα radiation generated 
from a sealed tube. Diffraction data was generally collected over a hemisphere. 
Exposure times were varied between 1.5 and 40 seconds, depending on the intensity 
of diffraction exhibited by the particular crystal. Data reduction was performed using 
CrysAlis RED.[1] Multi-scan empirical absorption corrections were applied using 
spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm, 
within CrysAlis RED.[1] Subsequent computations were carried out using the 
WinGX-32 graphical user interface.[2]  
 
3.3.1.3 Crystal structure solution and refinement procedures 
 
The structures were solved by direct methods using either SIR97[3] or Patterson 
methods using SHELXS-97.[4] The first step was to determine the ratio of molecular 
components in the co-crystal, as it is difficult to find a satisfactory solution for data 
until an accurate structural formula is known. This was generally achieved by 
systematic variation of the structural formula input into structure solution software 
until a reasonable solution was obtained. The ratio of components could then be 
deduced through examination of a graphical display of the preliminary model. The 
data reduction was then refinalised using the correct structural formula, and the data 
re-solved.  
 
The structures were refined with SHELXL-97.[4] The software PLATON[5] was used 
to check for missed symmetry elements (wrong space group assignment). In cases 
where the space group was incorrectly assigned, cell transformations were carried 
out using WinGX-32 using the output data generated by PLATON. Full occupancy 
non-hydrogen atoms were refined with anisotropic thermal parameters and without 
rigid positional constraints. C−H hydrogen atoms were included in idealised 
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positions and a riding model was used for their refinement. Hydrogen atoms bound 
to heteroatoms were modelled if appropriate electron density could be found in the 
difference Fourier map. These hydrogen atoms were restrained to idealised 
geometries with constrained isotropic thermal parameters. If no appropriate electron 
density was visible in the difference Fourier map, hydrogen atoms bound to 
heteroatoms were not modelled. 
 
In most structures, no disorder was found to be present in the major molecular 
components. When present, disorder was handled by modelling the disordered entity 
in as many significant orientations as were evident in the difference Fourier map. 
The occupancies of each orientation were then refined such that they collectively 
added to 1. Disordered atoms with atomic numbers lower than 18 were refined with 
isotropic displacement parameters. Disorder in solvent molecules was frequently 
encountered. As the total occupancy of disordered solvent molecules cannot be 
determined from the stoichiometric ratio of the major components, their occupancies 
were not refined to collectively add to 1, but rather were instead allowed to freely refine 
before being fixed at the closest round fraction. The isotropic thermal parameters were 
allowed to refine in the final least squares cycles.  
 
Crystallographic information files (.cif) are included in electronic format along with this 
thesis (Appendix B).  
 
3.3.1.4 General procedure for crystal packing analysis 
 
The crystal structures obtained for this thesis were visualised using Mercury[6] and 
CrystalMaker 2.7.[7] These programs were used to generate the images of crystal 
structures that appear throughout this thesis.  
 
The first step in the analysis of crystal packing of the crystal structures reported in 
this thesis was to identify whether or not the molecular components were involved in 
X-bonding interactions. This was done using Mercury, which can quickly search for 
interatomic distances that are shorter than the sum of the van der Waals radii of those 
atoms. As X-bonds are directional interactions, it was important to verify that the 
angle across C-X···B was congruent with accepted geometries for X-bonds.  
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Once it had been established that the molecular components were involved in 
X-bonding interactions, the dimensionality of the extended X-bond connectivity was 
determined, e.g. discrete X-bonded complexes, 1D linear X-bond chains, 2D X-bond 
nets or 3D X-bond networks. This was often conducted by examining the topicities 
and topologies of each of the X-bonding components.  
 
Next, the topology of the X-bonded complex was determined. For example, if the 
X-bond connectivity extended infinitely in one dimension, then the resulting “chain” 
could be linear, zig-zagged, waved, etc. Discrete supramolecular complexes were 
generally classified as being linear or bent. 2D nets were found to have honeycomb 
topologies, both flat and rippled. It was determined whether or not the topology of 
the X-bond network was predictable from geometrical disposition of X-bonding 
groups on the molecular components present. 
 
The structure was then examined for any secondary intermolecular interactions (such 
as π-stacking or H-bonds) between X-bonded complexes, and whether these had 
interesting impacts on the crystal packing.  
 
The structures were also checked for solvent molecules. If present, it was determined 
whether or not they played an active role in the construction of the supramolecular 
architectures observed.  
 
In many structures, cations were present in the crystal lattice that were not directly 
involved in X-bonding. In these structures, it was investigated how the cations were 
arranged within the X-bond network, and what supramolecular forces (aside from 
Coloumbic interactions) were most influential on their spatial arrangement (e.g. 
X-bonding, π-π interactions, H-bonding).  
 
3.3.2 Powder X-ray diffraction (PXRD) 
 
PXRD data were collected on a PANalytical X’PERT-PRO diffractometer with a 
beta filtered (Ni) PW3373/10 Cu X-ray tube, operating at 40 kV and 40 mA, Kα1 = 
1.540598 Å. A thin film of powdered sample was adhered to a piece of silicon wafer 
Chapter 3 
 
76 
 
(20 mm x 30 mm x 0.6 mm) of low-diffraction silicon wafer with and ultra-thin layer 
of vasoline. This thin film technique causes small sample displacement error relative 
to that which would be present if an infinitely thick sample were used and requires 
little sample (20 – 50 mg). As PXRD patterns were only needed for comparison to 
patterns simulated from SCXRD data in order to confirm bulk sample structural 
purity, only peak positions were of primary concern. Diffraction data were collected 
in conventional Bragg-Brentano geometry using a 1D silicon strip detector 
(X'Celerator). Diffraction patterns were recorded from 3.5 to 40° 2θ with an 
approximate 0.017° 2θ step-length over approximately 30 minutes. Powder 
diffraction data were collected with a programmable divergence slit for a 20 mm 
irradiation length and a 15 mm axial width.  
 
3.3.3 Elemental analysis 
 
Elemental microanalyses were conducted by George Blazak at the University of 
Queensland on a Carlo Erba NA1500 Elemental Microanalyser. The technique used 
was based on a modification of the classical Pregl and Dumas method. 
Approximately 1 mg of sample was accurately weighed in a tin capsule to 3 decimal 
places in milligrams. The sample in the tin capsule was dropped at pre-set intervals 
from a sample carousel into a vertical quartz combustion tube, maintained at 1020 
degrees centigrade through which a constant flow of helium was run. When the 
samples were introduced, the helium stream was temporarily enriched with pure 
oxygen. Flash combustion took place, primed by the oxidation of the tin container. 
Quantitative combustion was then achieved by passing the mixture of gases over 
tungstic (VI) oxide. The mixture of combustion gases was then passed over pure 
copper wire at 650 degrees centigrade to remove the excess of oxygen and reduce 
oxides of nitrogen to nitrogen. It then passed through a Porapak Q column heated to 
70 degrees centigrade. The gases (N2, CO2, H2O) were then detected by a thermal 
conductivity detector. Then, using results from a number of standards, the “Eager 
Xperience” software determined the mass percentages of carbon, hydrogen and 
nitrogen. 
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3.3.4 Nuclear magnetic resonance spectroscopy (NMR) 
 
NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer, fitted with 
a 5 mm multinuclear probe. 13C NMR spectra were collected using a standard proton 
decoupled carbon pulse sequence. D6-DMSO was used as a solvent. D2O was added 
to samples for 1H NMR spectrum collection in order to shift the residual water signal 
downfield in a ratio of 1:100 (D2O:D6-DMSO), eliminating its overlap with sample 
proton signals. 
 
3.3.5 Raman spectroscopy 
 
Raman spectra were obtained on a Renishaw System 1000 Raman microscope, with 
a laser of wavelength 632.8 nm giving a maximum power of approximately 5 mW 
radiation at the sample. Spectra were recorded with a resolution better than 4 cm−1. 
The spectrometer was calibrated by reference to the silicon wafer band of 520.5 
cm−1. 
 
3.3.6 Magnetic susceptibility 
 
Magnetic susceptibility measurements were carried out by Dr. Boujemaa Moubaraki 
under the supervision of Prof. Keith Murray at Monash University. Magnetic 
susceptibility data were collected using a Quantum Design MPMS 5 SQUID 
magnetometer under an applied field of 1 T over the temperature range 350 to 4 K. 
Samples were placed in a quartz tube and care was taken to avoid any solvent loss 
prior to the experiment and/or torqueing of crystallites.  
 
3.3.7 Thermogravimetric analysis (TGA) 
 
Thermal gravimetric analyses were carried out using a TA® Instruments 
incorporated high-resolution thermogravimetric analyser (series Q500) in a flowing 
nitrogen atmosphere (60 cm3 min–1). Analysis was conducted on approximately 30 
mg of sample with a heating rate of 1° C min−1 from 298 to 400 K.  
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4. PREPARATIVE EXPERIMENTAL DETAILS 
 
4.1 Synthesis and characterisation of co-crystals 
The 39 co-crystal structures described in this thesis are indexed in Table 4.1.1. The 
table includes co-crystal chemical formulae as well as which section synthesis and 
characterisation data for each compound can be found. In various cases, pairs of 
components were co-crystallised in more than one way leading to the discovery of 
multiple crystalline phases. Discussion of crystal packing is provided in Chapters 5 
to 8. Structural formulae of co-crystals containing ionic species are given in the 
following format to avoid ambiguity:  
Cationx[(X-bond donor)y(X-bonding solvent)(X-bonding anion−)z] 
(Non-X-bonding anion−)2-z·Solvate 
In all cases, the X-bonded complex is denoted within square brackets. 
Table 4.1.11Index of co-crystals and the respective sections in which characterisation details 
can be found.  
Component 
1 Component 2 Crystalline Product Section 
1,2-DITFB DABCO [(1,2-DITFB)2DABCO] 4.1.1.1.1 
ʹʹ ʹʹ DABCO-CH2Cl[(1,2-DITFB)(Cl−)] 4.1.1.1.2 
ʹʹ HMTA [(1,2-DITFB)4HMTA]1,2-DITFB 4.1.1.2.1 
ʹʹ TEA (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O 4.1.1.3.1 
ʹʹ ʹʹ TEA-CH2Cl[(1,2-DITFB)(Cl−)] 4.1.1.3.2 
ʹʹ ʹʹ TEA-CH2Cl[(1,2-DITFB)2(Cl−)] 4.1.1.3.3 
ʹʹ ʹʹ (TEA-CH2Br)3[(1,2-DITFB)2(Br−)3] 4.1.1.3.4 
ʹʹ [Ni(bpy)3]I2 [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O 4.1.1.4.1 
ʹʹ [Ni(phen)3]I2 [Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH 4.1.1.5.1 
ʹʹ [Ni(terpy-Ph)2]I2 [Ni(terpy-Ph)2][(1,2-DITFB)4(I−)2] 4.1.1.6.1 
1,3-DITFB DABCO [(1,3-DITFB)2DABCO] 4.1.2.1.1 
ʹʹ ʹʹ [(1,3-DITFB)DABCO] 4.1.2.1.2 
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ʹʹ ʹʹ (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl−)4] 4.1.2.1.3 
ʹʹ HMTA [(1,3-DITFB)2HMTA] 4.1.2.2.1 
ʹʹ TEA TEA-CH2Cl[(1,3-DITFB)(Cl−)] 4.1.2.3.1 
ʹʹ ʹʹ TEA-CH2Br[(1,3-DITFB)(Br−)] 4.1.2.3.2 
ʹʹ [Ni(phen)3]Cl2 [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH 4.1.2.4.1 
ʹʹ [Ni(bpy)3]I2 [Ni(bpy)3][(1,3-DITFB)3(I−)2] 4.1.2.5.1 
ʹʹ ʹʹ [Ni(bpy)3][(1,3-DITFB)2(I−)2] 4.1.2.5.2 
ʹʹ [Ni(phen)3]I2 [Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH 4.1.2.6.1 
ʹʹ ʹʹ [Ni(phen)3][(1,3-DITFB)3(I−)2] 4.1.2.6.2 
ʹʹ [Ni(terpy-Ph)2]I2 [Ni(terpy-Ph)2][(1,3-DITFB)(I−)2] 4.1.2.7.1 
ʹʹ [Co(terpy)2]I2 [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] 4.1.2.8.1 
1,4-DITFB DABCO DABCO-CH2Cl[(1,4-DITFB)(Cl−)] 4.1.3.1.1 
ʹʹ TEA TEA-CH2Cl[(1,4-DITFB)(Cl−)] 4.1.3.2.1 
ʹʹ ʹʹ TEA-CH2Br[(1,4-DITFB)(Br−)] 4.1.3.2.2 
ʹʹ [Ni(bpy)3]I2 [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·5H2O 4.1.3.3.1 
ʹʹ ʹʹ [Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O 4.1.3.3.2 
ʹʹ [Ni(phen)3]I2 [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] 4.1.3.4.1 
ʹʹ [Ni(terpy-Ph)2]I2 
[Ni(terpy-Ph)2]2[(1,4-DITFB)3(I−)3](I−)· 
0.5MeOH·H2O 
4.1.3.5.1 
1,3,5-TITFB DABCO [(1,3,5-TITFB)2DABCO] 4.1.4.1.1 
ʹʹ ʹʹ (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 4.1.4.1.2 
ʹʹ TEA TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] 4.1.4.2.1 
ʹʹ ʹʹ (TEA-CH2Br)3[(1,3,5-TITFB)2(Br−)3]⋅CH2Br2 4.1.4.2.2 
ʹʹ [Ni(phen)3]Cl2 [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2] 4.1.4.3.1 
ʹʹ [Ni(bpy)3]I2 [Ni(bpy)3][(1,3,5-TITFB)2(I−)2]  4.1.4.4.1 
ʹʹ [Ni(phen)3]I2 [Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O 4.1.4.5.1 
ʹʹ [Ni(terpy-Ph)2]I2 [Ni(terpy-Ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O 4.1.4.6.1 
ʹʹ [Co(terpy)2]I2 [Co(terpy)2][(1,3,5-TITFB)(I−)2] 4.1.4.7.1 
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4.1.1 Synthesis and characterisation of co-crystals containing 
1,2-DITFB 
 
4.1.1.1 Combination: 1,2-DITFB and DABCO 
 
1,2-DITFB and DABCO were co-crystallised in two ways, each resulting in different 
crystalline products. Experimental and characterisation details for each crystallisation 
can be found below. 
 
4.1.1.1.1 [(1,2-DITFB)2DABCO] 
 
Crystals of the X-bonded complex [(1,2-DITFB)2DABCO] were initially obtained 
by slow evaporation of solvent from a solution containing a 1:1 ratio of 1,2-DITFB 
(10.0 mg, 24.9 µmol) and DABCO (2.8 mg, 25.0 µmol) in EtOH (0.40 cm3) and 
water (0.10 cm3). In order to prepare a pure sample for characterization, the 
experiment was repeated in a 2:1 ratio of 1,2-DITFB (10.0 mg, 24.9 µmol) to 
DABCO (1.4 mg, 12.5 µmol) in EtOH (0.40 cm3) and water (0.10 cm3). This 
afforded a highly pure sample of crystals of uniform phase as determined by PXRD 
(Appendix C1) and elemental analysis. Crystals were dried under atmospheric 
pressure with the aid of silica desiccant. Yield: 8.6 mg, 75%; mp 127.5-129 °C; 
Found C 23.57, H 1.31, N 3.13. Calc. for 2:1 complex C18H12F8I4N2: C 23.60, H 
1.32, N 3.06%. Raman (solid): ν¯ max (cm−1) = 2945, 2876, 1485, 1469, 1443, 1344, 
1304, 1287, 1253, 1172, 1103, 974, 812, 801, 763, 619, 469, 356, 228, 217 (C−I), 
148; PXRD (Cu Kα1 1.540598 Å): °2θ = 8.09, 8.52, 10.27, 12.09, 13.13, 13.74, 
15.22, 15.60, 16.96, 17.32, 18.01, 18.67, 21.11, 21.58, 22.01, 22.79, 24.46, 25.37, 
25.59, 26.17, 27.39, 27.77, 28.27, 29.77, 30.48, 31.25, 31.71, 31.94, 33.10, 33.88, 
34.26, 35.92, 36.52, 37.38, 39.39.  
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4.1.1.1.2 DABCO-CH2Cl[(1,2-DITFB)(Cl−)] 
 
Crystals were formed in a sealed vessel containing a solution of 1,2-DITFB (10.0 
mg, 24.9 µmol) and DABCO (2.8 mg, 25.0 µmol) in a 1:1 ratio in DCM (0.10 cm3) 
approximately 1 hour after mixing. Crystals were dried under atmospheric pressure 
with the aid of silica desiccant. Yield: 11.9 mg, 85%; mp 120°C (dec.); Found C 
26.24, H 2.51, N 4.80. Calc. for 1:1 complex C13H14Cl2F4I2N2: C 26.07, H 2.36, N 
4.68%. Raman (solid): ν¯ max (cm−1) = 2984, 2954, 2885, 1617, 1462, 1289, 1256, 
1008, 806, 761, 683, 470, 357, 225 (C−I), 149; PXRD (Cu Kα1 1.540598 Å): °2θ = 
8.092, 8.520, 10.27, 12.09, 13.13, 13.74, 15.22, 15.60, 16.96, 17.32, 18.01, 18.67, 
21.11, 21.58, 22.01, 22.79, 24.46, 25.37, 25.59, 26.17, 27.39, 27.77, 28.27, 29.77, 
30.48, 31.25, 31.71, 31.94, 33.10, 33.88, 34.26, 35.92, 36.52, 37.38, 39.39; 1H NMR 
(400 MHz, D6-DMSO, D2O): δ = 5.38 (s, 2H), 3.40 (t, J = 8.0 Hz, 6H), 3.08 (t, J = 
8.0 Hz, 6H); 13C NMR (101 MHz, D6-DMSO): δ = 147.1 (dm, 1J = 229 Hz), 139.1 
(dm, 1J = 248 Hz), 93.8 (dm, 2J = 26.3 Hz), 67.5 (s), 50.7 (s), 44.4 (s). 
 
4.1.1.2 Combination: 1,2-DITFB and HMTA 
 
One crystalline phase, [(1,2-DITFB)4HMTA], was obtained through 
co-crystallisation of 1,2-DITFB and HMTA. The synthetic methods employed to 
obtain this phase as well as characterisation details are included below. 
 
4.1.1.2.1 [(1,2-DITFB)4HMTA]·1,2-DITFB 
 
Crystals of the X-bonded adduct [(1,2-DITFB)4HMTA]·1,2-DITFB were first 
obtained by the slow evaporation of solvent from a solution of 1,2-DITFB (12.7 mg, 
31.6 µmol) and HMTA (2.2 mg, 15.7 µmol) in a 2:1 ratio in EtOH (0.40 cm3) and 
water (ca. 0.05 cm3). The experiment was repeated using a 5:1 ratio of 1,2-DITFB 
(55.9 mg, 139.1 µmol) to HMTA (3.9 mg, 27.8 µmol) in EtOH (2.00 cm3) and water 
(0.10 cm3) where an identical crystalline phase was obtained in high purity. Crystals 
were dried under atmospheric pressure with the aid of silica desiccant. Yield: 31.2 
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mg, 52%; mp 99.5-100 °C; Found C 20.18, H 0.49, N 2.58. Calc. for 5:1 complex 
C30H12F16I8N4·C6F4I2: C 20.12, H 0.56, N 2.61%. Raman (solid): ν¯ max (cm−1) = 
2951, 2880, 1612, 1367, 1252, 1040, 1010, 810, 779, 471, 358, 222 (C-I), 148, 101; 
PXRD (Cu Kα1 1.540598 Å): °2θ = 6.785, 7.961, 8.779, 8.909, 9.197, 10.72, 11.09, 
11.64, 12.24, 12.40, 12.76, 13.41, 13.89, 14.13, 14.88, 15.71, 16.09, 16.53, 16.81, 
17.57, 17.91, 18.25, 18.47, 18.96, 19.28, 19.50, 19.98, 20.37, 20.62, 20.82, 21.00, 
21.16, 21.47, 21.75, 22.15, 22.63, 23.05, 23.65, 23.88, 24.07, 24.34, 24.59, 24.99, 
25.43, 25.79, 26.19, 26.40, 26.58, 26.90, 27.07, 27.31, 27.75, 27.93, 28.13, 28.33, 
28.81, 29.03, 29.15, 29.54, 29.87, 30.23, 30.55, 30.84, 31.29, 31.70, 32.21, 32.49, 
33.01, 33.62, 34.46, 34.71, 34.85, 35.10, 35.28, 35.38, 36.10, 36.86, 37.26, 37.85, 
38.58, 39.02. 
 
4.1.1.3 Combination: 1,2-DITFB and TEA 
 
1,2-DITFB and TEA were co-crystallised under three different sets of experimental 
conditions. The first set of conditions yielded two crystalline phases simultaneously, 
namely (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O and 
TEA-CH2Cl[(1,2-DITFB)(Cl−)]. The second conditions yielded crystals of a third 
phase, TEA-CH2Cl[(1,2-DITFB)2(Cl−)]. The third set of experimental parameters 
resulted in crystals of (TEA-CH2Br)3[(1,2-DITFB)2(Br−)3]. Details regarding the 
synthesis and characterisation for each phase are provided below. Further details 
regarding the characterisation of these compounds can be found in Section 6.4.1. 
 
4.1.1.3.1 (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O 
 
Colourless crystals formed in a sealed vessel containing a solution of 1,2-DITFB 
(10.9 mg, 27.1 µmol) and TEA (1.4 mg, 13.8 µmol) in a 2:1 ratio in neat DCM (0.10 
cm3) over a period of 5 days. SCXRD of two separate crystalline phases was 
collected, the first being (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O. In an attempt to 
produce a sample of (TEA-CH2Cl)3[(1,2-DITFB)2(Cl–)3]⋅4H2O in high purity and of 
the required quantity for characterisation purposes, the experiment was repeated 
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using a solution containing 1,2-DITFB (10.0 mg, 24.9 µmol) and TEA (3.8 mg, 37.3 
µmol) in the stoichiometric ratio found in this phase (2:3) in DCM (0.10 cm3). The 
resulting material contained the pure 2:3 phase. The crystals were dried under 
atmospheric pressure with the aid of silica desiccant. Yield: 2.2 mg, 14%; mp 170°C 
(dec.); Found C 27.62, H 3.79, N 2.99. Calc. for 2:3 complex 
C33H51Cl6F8I4N3⋅4(H2O): C 27.64, H 4.15, N 2.93%. Raman (solid): ν¯ max (cm−1) = 
2991, 2950, 1613, 1458, 1288, 1251, 1158, 1100, 1008, 810, 760, 690, 469, 415, 357, 
339, 297, 226 (C−I), 207, 152; PXRD (Cu Kα1 1.540598 Å): °2θ = 6.417, 6.714, 
9.014, 9.539, 13.37, 14.50, 15.23, 15.77, 16.26, 16.51, 17.38, 18.04, 18.45, 19.20, 
20.51, 21.38, 22.69, 22.90, 23.25, 23.50, 24.70, 25.13, 25.86, 25.94, 26.74, 27.13, 
28.17, 28.62, 29.27, 29.99, 30.69, 31.14, 32.22, 32.93, 33.96, 34.30, 35.25, 36.11, 
37.77, 38.46, 38.98; 1H NMR (400 MHz, D6-DMSO, D2O): δ = 5.23 (s, 2H), 3.34 
(q, J = 8.0 Hz,  6H), 1.21 (t, J = 8.0 Hz, 9H); 13C NMR (101 MHz, D6-DMSO) δ = 
147.1 (dm, 1J = 235 Hz),  139.0 (dm, 1J = 257 Hz), 94.0 (dm, 2J = 25.2 Hz), 62.6 (s), 
52.0 (s), 7.2 (s).  
 
4.1.1.3.2 TEA-CH2Cl[(1,2-DITFB)(Cl−)] 
 
The events leading to the discovery of the X-bonded complex 
TEA-CH2Cl[(1,2-DITFB)(Cl–)] are described in Section 6.4.1. Due to the lack of a 
phase pure sample, meaningful PXRD and elemental microanalysis data could not be 
collected for this compound.  Selected Raman data (solid):  ν¯ max (cm−1) = 2985, 
2947, 1455, 1288, 1179, 1156, 1008, 806, 902, 847, 478, 356, 222 (C−I), 146, 117, 
104. 
 
4.1.1.3.3 TEA-CH2Cl[(1,2-DITFB)2(Cl−)] 
 
A crystalline sample of X-bonded adduct TEA-CH2Cl[(1,2-DITFB)2(Cl–)] formed in 
a sealed vessel containing a solution of 1,2-DITFB (10.5 mg, 26.1 µmol) and freshly 
distilled TEA (2.6 mg, 25.7 µmol) in a 1:1 ratio in freshly distilled DCM. Elemental 
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analysis was not collected for this compound. Raman (solid): ν¯ max (cm−1) = 3026, 
2985, 2944, 1606, 1455, 1254, 1101, 1013, 814, 763, 689, 473, 360, 229 (C-I), 219, 
208, 151, 107; PXRD (Cu Kα1 1.540598 Å): °2θ = 6.394, 8.158, 10.90, 11.75, 13.40, 
15.20, 15.73, 16.38, 19.46, 20.28, 20.74, 21.38, 21.91, 22.91, 23.56, 24.13, 24.66, 
25.12, 26.19, 26.59, 27.18, 28.17, 28.99, 30.26, 30.90, 31.30, 31.73, 32.11, 32.68, 
34.53, 36.01, 36.41, 37.15, 38.23, 39.20. 
 
4.1.1.3.4 (TEA-CH2Br)3[(1,2-DITFB)2(Br−)3] 
 
Crystals of (TEA-CH2Br)3[(1,2-DITFB)2(Br–)3] were originally formed in a sealed 
vial containing a solution of 1,2-DITFB (15.0 mg, 37.3 µmol) and TEA (3.8 mg, 
37.6 µmol) in a 1:1 ratio in neat DBM (0.15 cm3) over a period of 36 hours. In order 
to prepare a sample for characterisation, the experiment was repeated using a 2:3 
ratio of 1,2-DITFB (30.4 mg, 75.6 µmol) to TEA (11.5 mg, 113.6 µmol) in DBM 
(1.00 cm3). This experiment yielded a sample of an identical crystalline phase and of 
reasonable purity as indicated by PXRD and elemental microanalysis respectively. 
The carbon percentage found through elemental microanalysis was slightly low, 
which may have been the result of incomplete combustion or the presence of some 
amorphous impurity. Crystals were dried under atmospheric pressure with the aid of 
silica desiccant. Yield: 38.8 mg, 93%; Found C 25.39, H 3.25, N 2.68. Calc. for 2:3 
complex C33H51Br6F8I4N3: C 24.33, H 3.16, N 2.58%. PXRD (Cu Kα1 1.540598 
Å): °2θ = 6.371, 6.551, 6.786, 7.295, 7.575, 9.591, 12.24, 12.64, 13.27, 13.56, 13.96, 
14.53, 14.90, 15.18, 15.36, 15.88, 16.02, 16.40, 16.56, 16.89, 17.89, 18.14, 18.28, 
18.73, 19.24, 19.45, 19.83, 20.12, 20.43, 20.67, 20.98, 21.35, 21.52, 21.80, 22.08, 
22.71, 22.88, 23.84, 24.18, 24.44, 24.58, 25.15, 25.41, 25.64, 25.80, 26.03, 26.39, 
26.64, 27.18, 27.36, 27.52, 27.79, 27.87, 28.18, 28.62, 29.04, 29.28, 29.72, 29.96, 
30.39, 30.63, 30.73, 30.98, 31.20, 31.31, 31.61, 31.87, 32.14, 32.73, 33.12, 33.27, 
33.53, 33.83, 34.32, 34.46, 34.78, 35.05, 35.88, 36.05, 36.41, 36.62, 36.84, 37.03, 
37.34, 37.69, 37.95, 38.10, 38.52, 38.63, 39.02, 39.14, 39.29, 39.57. 
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4.1.1.4 Combination: 1,2-DITFB and [Ni(bpy)3]I2 
 
A single crystalline product was obtained through co-crystallisation of 1,2-DITFB 
and [Ni(bpy)3]I2. Details regarding the synthesis and characterisation of this product 
are provided below. 
 
4.1.1.4.1 [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O 
 
Crystals of X-bonded complex [Ni(bpy)3][(1,2-DITFB)2(I–)2]⋅H2O were obtained by 
the slow evaporation of solvent from a solution of 1,2-DITFB (82.8 mg, 206.0 µmol) 
and [Ni(bpy)3]I2·5.5H2O (90.7 mg, 103.1 µmol) in a 2:1 ratio in MeOH (8.50 cm3). 
Crystals were dried under atmospheric pressure with the aid of silica desiccant. 
Found C 31.40, H 1.35, N 5.00. Calc. for 2:1 complex C42H24F8I6N6Ni·H2O: C 
31.47, H 1.64, N 5.24%. PXRD (Cu Kα1 1.540598 Å): °2θ = 5.548, 5.676, 8.406, 
8.581, 10.11, 10.42, 10.58, 11.30, 11.43, 11.75, 13.02, 14.06, 15.37, 15.60, 15.89, 
16.39, 16.97, 17.14, 17.44, 17.61, 18.17, 18.63, 8.92, 19.17, 19.51, 20.01, 20.14, 
20.46, 20.68, 20.85, 21.18, 21.34, 21.59, 22.42, 22.66, 23.54, 23.73, 24.37, 24.59, 
24.77, 25.20, 25.68, 25.83, 26.13, 26.58, 26.90, 27.14, 27.87, 28.43, 28.67, 29.11, 
30.08, 30.31, 31.01, 32.02, 32.34, 32.64, 32.93, 33.50, 34.11, 34.44, 34.61, 34.90, 
35.23, 36.09, 36.49, 36.81, 37.01, 37.30, 37.78, 38.20, 38.84, 39.58. 
 
 
4.1.1.5 Combination: 1,2-DITFB and [Ni(phen)3]I2 
 
One crystalline phase, [Ni(phen)3][(1,2-DITFB)2(I–)2]⋅MeOH, was obtained through 
co-crystallisation of 1,2-DITFB and [Ni(phen)3]I2. Experimental and 
characterisation details can be found below. 
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4.1.1.5.1 [Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH 
 
A crystalline sample of [Ni(phen)3][(1,2-DITFB)2(I–)2]⋅MeOH was obtained by the 
slow evaporation of solvent from a solution of 1,2-DITFB (58.4 mg, 145.3 µmol) 
and [Ni(phen)3]I2·2H2O (64.6 mg, 72.7 µmol) in a 2:1 ratio in MeOH (16.50 cm3). 
Crystals were dried under atmospheric pressure with the aid of silica desiccant. 
Found C 34.86, H 1.52, N 4.90. Calc. for 2:1 complex C48H24F8I6N6Ni·CH4O: C 
34.85, H 1.67, N 4.98%. PXRD (Cu Kα1 1.540598 Å): °2θ = 5.102, 7.160, 7.308, 
7.788, 8.090, 9.798, 9.940, 10.19, 10.74, 10.94, 11.74, 12.52, 13.08, 13.23, 13.95, 
14.14, 14.29, 14.63, 14.99, 15.37, 15.66, 16.00, 16.19, 16.33, 16.72, 17.21, 17.78, 
18.15, 18.39, 18.51, 18.64, 19.04, 19.91, 20.42, 20.66, 20.86, 21.20, 21.61, 22.09, 
22.30, 22.68, 22.96, 23.22, 23.39, 23.59, 23.88, 24.39, 24.60, 24.81, 25.41, 25.59, 
25.85, 26.21, 26.38, 26.69, 27.02, 27.30, 27.55, 27.97, 28.49, 29.03, 29.13, 29.41, 
29.81, 29.96, 30.34, 30.82, 31.11, 31.36, 31.48, 32.36, 32.46, 32.65, 32.87, 33.03, 
33.31, 33.61, 33.75, 34.00, 34.09, 34.37, 34.56, 34.89, 35.17, 35.26, 35.39, 35.97, 
36.10, 36.56, 36.73, 37.08, 37.44, 37.69, 38.23, 38.34, 39.33. 
 
4.1.1.6 Combination: 1,2-DITFB and [Ni(terpy-Ph)2]I2 
 
A single crystalline product was obtained from co-crystallisation experiments 
involving 1,2-DITFB and [Ni(terpy-Ph)2]I2. Details regarding the synthesis and 
characterisation of this compound are provided below. 
 
 
4.1.1.6.1 [Ni(terpy-Ph)2][(1,2-DITFB)4(I−)2] 
 
Crystals of the X-bonded adduct [Ni(terpy-Ph)2][(1,2-DITFB)4(I–)2] were originally 
obtained by the slow evaporation of solvent from a solution of 1,2-DITFB (1.7 mg, 
4.23 µmol) and [Ni(terpy-Ph)2]I2·6H2O (2.2 mg, 2.12 µmol) in a 2:1 ratio in MeOH 
(1.50 cm3). To produce a sample of high purity and of the required quantity for 
characterisation purposes, the experiment was repeated using a solution of 
1,2-DITFB (60.8 mg, 151.3 µmol) and [Ni(terpy-Ph)2]I2·6H2O  (39.3 mg, 37.8 
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µmol) in a 4:1 ratio in MeOH (16.50 cm3). Crystals were dried under atmospheric 
pressure with the aid of silica desiccant. Found C 31.35 H 1.17 N 3.31. Calc. for 4:1 
complex C66H30F16I10N6Ni C 31.23 H 1.19 N 3.31%. PXRD (Cu Kα1 1.540598 Å): 
°2θ =  5.866, 7.076, 7.391, 7.542, 9.328, 9.726, 11.39, 11.81, 11.99, 12.25, 12.79, 
13.09, 13.43, 13.68, 13.97, 14.17, 14.43, 15.08, 15.44, 16.67, 16.78, 16.89, 17.15, 
17.46, 17.62, 17.94, 18.06, 19.29, 19.48, 19.88, 20.24, 20.49, 20.73, 20.91, 21.02, 
21.45, 21.70, 22.02, 22.25, 22.69, 23.10, 23.55, 23.99, 24.18, 24.47, 24.82, 25.05, 
25.19, 25.52, 25.75, 26.17, 26.88, 27.29, 27.45, 27.65, 28.12, 28.50, 29.06, 29.35, 
29.99, 30.38, 30.54, 31.28, 31.39, 31.85, 32.20, 32.29, 32.58, 32.85, 33.13, 34.03, 
34.22, 34.32, 34.52, 34.83, 35.08, 35.35, 35.84, 36.55, 36.78, 37.26, 38.06, 38.96, 
39.16, 39.64, 39.75. 
 
4.1.2 Synthesis and characterisation of co-crystals containing 
1,3-DITFB 
 
4.1.2.1 Combination: 1,3-DITFB and DABCO 
 
Three crystal structures were obtained from the combination 1,3-DITFB and 
DABCO. Crystals of each phase were grown under different experimental 
conditions. Characterisation and synthesis details for each co-crystalline compound 
can be found below. 
 
4.1.2.1.1 [(1,3-DITFB)2DABCO] 
 
Crystals of [(1,3-DITFB)2DABCO] were obtained by the slow evaporation of 
solvent from a solution of 1,3-DITFB (11.0 mg, 27.4 µmol) and DABCO (3.1 mg, 
27.6 µmol) in a 1:1 ratio in EtOH (0.40 cm3) and water (0.10 cm3). The experiment 
was repeated with a 2:1 ratio of 1,3-DITFB (13.3 mg, 33.1 µmol) and DABCO (1.9 
mg, 16.9 µmol) in EtOH (0.40 cm3) and water (0.10 cm3) and a highly pure sample 
of the same crystalline phase was obtained. Crystals were dried under atmospheric 
pressure with the aid of silica desiccant. Yield: 14.1 mg, 93%; mp 150-154 °C; 
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Found C 23.66, H 1.19, N 3.10. Calc. for 2:1 complex C18H12F8I4N2: C 23.60, H 
1.32, N 3.06%. Raman (solid): ν¯ max (cm−1) = 2974, 2944, 2880, 1424, 1358, 1343, 
1207, 1043, 972, 862, 799, 652, 578, 458, 329, 189 (C-I), 156, 109; PXRD (Cu Kα1 
1.540598 Å): °2θ = 8.735, 10.23, 13.02, 13.51, 13.80, 14.00, 14.36, 16.41, 16.58, 
16.89, 17.03, 17.71, 18.21, 18.41, 19.28, 20.28, 20.45, 21.21, 21.58, 21.89, 22.33, 
22.64, 23.34, 23.63, 24.34, 24.57, 25.07, 26.17, 26.69, 27.03, 27.13, 27.75, 28.58, 
29.11, 30.00, 30.52, 30.90, 31.73, 32.21, 32.76, 33.11, 33.56, 33.91, 35.00, 35.51, 
35.77, 36.60, 37.39, 37.78.  
 
4.1.2.1.2 [(1,3-DITFB)DABCO] 
 
Crystals of [(1,3-DITFB)DABCO] formed overnight in a sealed vessel containing a 
solution of 1,3-DITFB (12.2 mg, 30.4 µmol) and DABCO (3.4 mg, 30.3 µmol) in 
DCM (0.25 cm3) and CHCl3 (0.25 cm3). The crystal structure of the crystals was 
determined by SCXRD. No further characterisation was collected for this compound. 
 
4.1.2.1.3 (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl−)4] 
 
Colourless crystals of (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4] were obtained by 
dissolving 1,3-DITFB (37.2 mg, 92.6 µmol) and DABCO (10.4 mg, 9.27 µmol) in 
neat DCM (ca. 1.5 cm3) in a sealed vial. Crystals formed over the period of 2 to 3 
hours. Crystals proved to be hygroscopic, completely dissolving in water extracted 
from air within 30 seconds of their removal from the mother liquor. In order to 
preserve a crystal for SCXRD analysis, a crystal was moved from the mother liquor 
directly into a pool of Paratone oil and into a stream of cold nitrogen gas (173K) 
within 30 seconds. Due to the instability of crystals in atmospheric conditions, 
further characterisation for this compound was not collected.  
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4.1.2.2 Combination: 1,3-DITFB and HMTA 
 
4.1.2.2.1 [(1,3-DITFB)2HMTA] 
 
The co-crystalline compound [(1,3-DITFB)2HMTA] was obtained in quantitative 
yield via the slow evaporation of solvent from a solution of 1,3-DITFB (32.4 mg, 
80.6 µmol) and HMTA (11.3 mg, 80.6 µmol) in EtOH (0.40 cm3) and water (0.10 
cm3). SCXRD was used to determine crystal structure. Yield: quantitative; Found C 
23.46, H 1.40, N 6.28. Calc. for 2:1 complex C18H12F8I4N4: C 22.90, H 1.28, N 
5.94%. Raman (solid): ν¯ max (cm−1) = 2965, 2944, 2901, 2876, 1604, 1482, 1359, 
1217, 1039, 866, 781, 653, 580, 460, 330, 218, 191, 156, 106; PXRD (Cu Kα1 
1.540598 Å): 5.243, 10.540, 11.98, 14.67, 15.36, 15.85, 16.46, 17.90, 19.45, 19.61, 
20.17, 21.01, 21.49, 22.17, 22.62, 23.58, 23.94, 24.28, 24.89, 25.20, 25.74, 26.55, 
26.98, 27.21, 28.13, 29.23, 29.61, 30.38, 30.47, 30.99,  31.45, 32.03, 32.37, 32.81, 
33.15, 33.78, 33.89,  34.14, 34.74, 35.43, 36.58, 37.04, 37.33, 37.65, 37.77, 38.02, 
38.13, 38.89, 39.39, 39.87. 
4.1.2.3 Combination: 1,3-DITFB and TEA 
 
The combination of 1,3-DITFB and TEA lead to the procurement of two different 
co-crystalline compounds. Each compound was obtained under different 
experimental conditions. Details regarding the synthesis and characterisation of these 
products are provided below.  
 
4.1.2.3.1 TEA-CH2Cl[(1,3-DITFB)(Cl−)] 
 
Colourless crystals of TEA-CH2Cl[(1,3-DITFB)(Cl–)] formed in a sealed vessel 
containing a solution of 1,3-DITFB (ca. 30 mg) and TEA (ca. 30 mg) in neat DCM 
(ca. 0.50 cm3) over the period of a week. The 1:1 crystal structure was determined at 
173(2) K using SCXRD. The crystallisation was repeated on a larger scale with a 1:1 
ratio of 1,3-DITFB (70.7 mg, 176 µmol) and TEA (18.2 mg, 179 µmol) for 
characterisation purposes. Colourless crystals were obtained over 2 to 3 weeks. The 
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crystalline material was dried under atmospheric pressure with the aid of silica 
desiccant. A PXRD pattern collected at room temperature was similar but not the 
same as the pattern simulated from SCXRD data. SCXRD data were collected at 
room temperature. A PXRD pattern simulated from the room temperature data was a 
good match for the experimentally obtained PXRD pattern. Yield: 48.8 mg, 47%; mp 
167-169 °C; Found C 26.52, H 2.87, N 2.48. Calc. for 1:1 complex C13H17Cl2F4I2N: 
C 26.55, H 2.91, N 2.38%. Raman (solid): ν¯ max (cm−1) = 2984, 2945, 1355, 1216, 
1206, 1060, 1042, 869, 855, 649, 575, 458, 371, 329, 215, 190, 155, 107; PXRD (Cu 
Kα1 1.540598 Å): °2θ = 7.597, 8.736, 10.92, 13.00, 15.29, 16.89, 17.31, 17.66, 
19.47, 20.09, 20.74, 22.83, 23.35, 23.95, 24.27, 25.05, 25.82, 26.10, 26.95, 28.11, 
29.96, 30.64, 31.31, 31.88, 33.54, 34.41, 35.41, 36.05, 38.28. 
 
4.1.2.3.2 TEA-CH2Br[(1,3-DITFB)(Br−)] 
 
1,3-DITFB (17.1 mg, 42.5 μmol) and TEA (4.3 mg, 42.5 μmol) were dissolved in a 
vial containing neat DBM (0.15 cm3) and the vial was sealed. Colourless crystals 
formed over 36 hours. SCXRD analysis revealed the crystal structure to be 
isostructural with TEA-CH2Cl[(1,3-DITFB)(Cl–)]. Yield: 27.4 mg, 95%; Found C 
22.86 H 2.56 N 2.06. Calc. for 1:1 complex C13H17Br2F4I2N C 23.07 H 2.53 N 
2.07%. PXRD (Cu Kα1 1.540598 Å): °2θ = 7.667, 8.258, 8.757, 10.98, 12.39, 12.59, 
13.14, 13.93, 14.70, 15.25, 15.35, 15.73, 16.20, 16.74, 16.97, 17.20, 17.50, 18.48, 
19.49, 19.84, 20.38, 20.75, 22.00, 22.75, 23.07, 23.33, 23.95, 24.27, 24.35, 24.87, 
25.16, 25.48, 26.34, 27.79, 28.11, 28.55, 29.03, 29.82, 29.91, 30.16, 30.25, 30.61, 
30.89, 31.14, 31.68, 31.91, 32.00, 32.34, 32.78, 32.87,  33.45, 33.79, 34.41, 34.73, 
34.82, 35.35, 35.45, 35.77, 35.97, 36.66, 37.20, 37.30, 37.41, 37.86, 38.27, 38.44, 
38.90, 39.25, 39.72. 
 
4.1.2.4 Combination: 1,3-DITFB and [Ni(phen)3]Cl2 
 
The combination of 1,3-DITFB and [Ni(phen)3]Cl2 resulted in a single co-crystalline 
compound. Synthesis and experimental details for this compound are provided 
below.  
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4.1.2.4.1 [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH 
 
Compounds 1,3-DITFB (14.6 mg, 36.3 μmol) and [Ni(phen)3]Cl2·7.5H2O (14.3 mg, 
1.82 μmol) were dissolved in a common volume of MeOH (1.00 cm3). The MeOH 
was allowed to slowly evaporate which resulted in the growth of several large pink 
crystals. SCXRD analysis of one crystal afforded the crystal structure 
[Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH. Further characterisation was not 
carried out for this compound. 
 
4.1.2.5 Combination: 1,3-DITFB and [Ni(bpy)3]I2 
 
Two co-crystalline compounds were obtained from the combination 1,3-DITFB and 
[Ni(bpy)3]I2, each grown under different experimental conditions. Characterisation 
and synthetic details for both compounds are provided below. 
 
4.1.2.5.1 [Ni(bpy)3][(1,3-DITFB)3(I−)2] 
 
Co-crystals of [Ni(bpy)3][(1,3-DITFB)3(I–)2] were grown from an evaporating 
MeOH solution (2.50 cm3) containing 1,3-DITFB (13.2 mg, 3.28 μmol) and 
[Ni(bpy)3]I2·5.5H2O (14.4 mg, 1.64 μmol). In order to obtain meaningful 
characterisation, the experiment was repeated on a larger scale, with a 1:3 ratio of 
components. However, the repeat experiment produced crystals of a different phase, 
[Ni(bpy)3][(1,3-DITFB)2(I−)2]. 
 
 
4.1.2.5.2 [Ni(bpy)3][(1,3-DITFB)2(I−)2] 
 
1,3-DITFB (84.5 mg, 210 μmol) and [Ni(bpy)3]I2·5.5H2O  (61.7 mg, 70.1 μmol) 
were dissolved in a 1:3 ratio in MeOH (8.50 cm3). Partial evaporation of solvent 
resulted in the growth of large red crystals. The mother liquor was removed and the 
crystals were washed in a minimum volume of MeOH (ca. 0.50 cm3). SCXRD 
analysis revealed that these crystals were not in the same phase as those previously 
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grown using this combination of molecular components. Yield: 101.7 mg, 73%; 
Found C 31.69 H 1.35 N 5.19. Calc. for 1:2 complex C42H24F8I6N6Ni 31.83 H 1.53 
N 5.30. PXRD (Cu Kα1 1.540598 Å): °2θ = 7.667, 8.258, 8.757, 10.98, 12.39, 12.59, 
13.14, 13.93, 14.70, 15.25, 15.35, 15.73, 16.20, 16.74, 16.97, 17.20, 17.50, 18.48, 
19.49, 19.84, 20.38, 20.75, 22.00, 22.75, 23.07, 23.33, 23.95, 24.27, 24.35, 24.87, 
25.16, 25.48, 26.34, 27.79, 28.11, 28.55, 29.03, 29.82, 29.91, 30.16, 30.25, 30.61, 
30.89, 31.14, 31.68, 31.91, 32.00, 32.34, 32.78, 32.87,  33.45, 33.79, 34.41, 34.73, 
34.82, 35.35, 35.45, 35.77, 35.97, 36.66, 37.20, 37.30, 37.41, 37.86, 38.27, 38.44, 
38.90, 39.25, 39.72. 
 
4.1.2.6 Combination: 1,3-DITFB and [Ni(phen)3]I2 
 
The combination of 1,3-DITFB and [Ni(phen)3]I2 resulted in the growth of two 
crystalline phases. The two phases were grown from experimental conditions 
differing only in the overall concentration of solutes in the crystallising solution. 
Details regarding the synthesis and characterisation of these compounds are provided 
below.  
 
4.1.2.6.1 [Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH 
 
1,3-DITFB (19.3 mg, 48.0 μmol) and [Ni(phen)3]I2·2H2O (21.4 mg, 24.1 μmol) 
were dissolved in MeOH (3.5 cm3). Shortly after mixing (ca. 15 min) fine crystals 
visible to the naked eye had formed. The vessel was left such that MeOH was 
allowed to slowly evaporate. Large pink prismatic crystals with parallelogram faces 
grew overnight (Section 7.6.2). SCXRD revealed the structure of these crystals to be 
[Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH. The experiment was repeated in order to 
synthesise enough compound to characterise using PXRD and elemental analysis. 
However, the crystals formed in the repeat experiment were found to have a different 
phase, namely [Ni(phen)3][(1,3-DITFB)3(I−)2]. Further characterisation was not 
carried out for the compound [Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH. 
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4.1.2.6.2 [Ni(phen)3][(1,3-DITFB)3(I−)2] 
 
Compounds 1,3-DITFB (82.8 mg, 206 μmol) and [Ni(phen)3]I2·2H2O (91.6 mg, 103 
μmol) were dissolved in separate volumes of MeOH (1.00 and 6.00 cm3 
respectively). Within an hour, the precipitation of a considerable amount of fine pink 
crystalline material had occurred and the solution was filtered. Close inspection of 
the residue collected revealed crystals of suitable quality for SCXRD. The crystal 
structure of [Ni(phen)3][(1,3-DITFB)3(I−)2] was subsequently determined using 
SCXRD. Yield: 117.7 mg, 69%; Found C 31.92 H 1.07 N 4.17. Calc. for 3:1 
complex C54H24F12I8N6Ni C 31.50 H 1.18 N 4.08%. PXRD (Cu Kα1 1.540598 Å): 
°2θ = 4.277, 7.221, 7.795, 8.523, 8.926, 9.534, 10.31, 10.81, 11.50, 11.62, 12.19, 
12.69, 12.79, 13.71, 14.44, 15.06, 15.21, 15.50, 15.62, 16.14, 16.26, 17.06, 17.51, 
17.82, 18.52, 18.65, 18.87, 19.26, 19.97, 20.10, 20.30, 20.73, 20.95, 21.24, 21.52, 
21.70, 22.11, 22.54, 22.76, 22.94, 23.31, 23.51, 23.97, 24.15, 24.37, 25.22, 25.49, 
26.02, 26.85, 27.17, 27.57, 28.16, 28.73, 29.06, 29.26, 29.59, 30.08, 30.48, 31.27, 
31.49, 32.04, 32.92, 33.25, 33.84, 34.22, 34.93, 35.27, 35.59, 36.63, 36.76, 37.78, 
37.95, 38.86, 39.01, 39.67. 
 
4.1.2.7 Combination: 1,3-DITFB and [Ni(terpy-Ph)2]I2 
 
Co-crystallisation of 1,3-DITFB and [Ni(terpy-Ph)2]I2 resulted in a single crystalline 
product, [Ni(terpy-Ph)2][(1,3-DITFB)(I−)2]. 
 
4.1.2.7.1 [Ni(terpy-Ph)2][(1,3-DITFB)(I−)2] 
 
Co-crystals of [Ni(terpy-Ph)2][(1,3-DITFB)(I−)2] formed in a sealed vessel 
containing 1,3-DITFB (48.1 mg, 120 μmol) and [Ni(terpy-Ph)2]I2·6H2O (124.4 mg, 
120 μmol) dissolved in MeOH (16.5 cm3) over a period of 7 days. The structure of a 
crystal was determined using SCXRD. The MeOH was then left to evaporate in order 
to maximise yield. Yield: quantitative; Found C 43.19 H 2.26 N 6.20. Calc. for 1:1 
complex C48H30F4I4N6Ni C 43.25 H 2.27 N 6.30%. PXRD (Cu Kα1 1.540598 Å): 
°2θ = 6.008, 6.663, 8.321, 8.710, 9.111, 9.561, 10.27, 10.54, 11.08, 11.35, 11.69, 
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12.02, 13.34, 13.85, 14.02, 14.43, 14.55, 15.13, 15.37, 15.61, 15.78, 16.70, 17.39, 
18.13, 18.45, 18.67, 18.82, 19.00, 19.18, 19.65, 20.12, 20.54, 20.83, 21.16, 21.36, 
21.71, 21.96, 22.25, 22.73, 23.06, 23.28, 23.45, 23.75, 23.98, 24.47, 24.83, 25.23, 
25.50, 25.59, 25.96, 26.47, 26.68, 27.62, 28.19, 28.65, 28.94, 29.36, 29.70, 30.08, 
30.33, 30.66, 30.91, 31.32, 31.65, 32.15, 32.50, 32.89, 33.07, 33.40, 33.51, 33.99, 
34.24, 34.44, 34.56, 34.76, 35.55, 36.19, 36.37, 36.51, 36.99, 37.46, 38.43, 38.87, 
39.01, 39.21, 39.45. 
 
4.1.2.8 Combination: 1,3-DITFB and [Co(terpy)2]I2 
 
Co-crystalline material of a single phase was obtained through the combination of 
1,3-DITFB and [Co(terpy)2]I2. The characterisation and synthesis details of this 
compound are provided below. 
 
4.1.2.8.1 [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] 
 
1,3-DITFB (4.2 mg, 11 μmol) and [Co(terpy)2]I2·2H2O (4.3 mg, 5.3 μmol) were 
dissolved in a 2:1 ratio in MeOH (1.50 cm3). Brown prismatic crystals formed as the 
MeOH evaporated. SCXRD analysis determined that the crystal structure of the 
resulting material was [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2]. In order to gain 
meaningful characterisation of this compound, the experiment was repeated using a 
3:1 ratio of components. The repeat experiment was allowed to evaporate to dryness. 
PXRD and elemental analysis confirmed that the dry crystalline material remaining 
was pure [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2]. Yield: quantitative; Found C 
29.24 H 1.25 N 4.25. Calc. for 3:1 complex C49H26CoF12I8N6O C 29.18 H 1.30 N 
4.17%. PXRD (Cu Kα1 1.540598 Å): °2θ = 7.065, 8.446, 9.247, 10.06, 11.03, 11.57, 
12.24, 12.81, 13.62, 13.77, 14.10, 14.35, 15.11, 15.51, 15.71, 16.04, 16.46, 17.12, 
17.46, 18.57, 18.84, 19.72, 20.39, 21.35, 21.68, 22.41, 22.77, 23.28, 23.57, 23.82, 
24.27, 24.58, 26.01, 26.08, 27.71, 28.16, 28.47, 29.51, 29.85, 30.22, 30.53, 31.58, 
31.78, 32.01, 32.45, 32.82, 33.13, 33.87, 34.99, 36.84, 38.11, 38.98. 
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4.1.3 Synthesis and characterisation of co-crystals containing 
1,4-DITFB 
 
4.1.3.1 Combination: 1,4-DITFB and DABCO 
 
One novel co-crystalline substance was synthesised through the combination of 
1,4-DITFB and DABCO. Details concerning the preparation and characterisation of 
this compound are provided below. Another co-crystalline compound containing 
these molecular components was already published in the literature when this project 
was started.[1] 
 
4.1.3.1.1 DABCO-CH2Cl[(1,4-DITFB)(Cl−)] 
 
DABCO (13.3 mg, 0.119 mmol) and 1,4-DITFB (47.8 mg, 0.119 mmol) were 
dissolved in separate 1 cm3 volumes of a 50:50 DCM/CHCl3 solution. Colourless 
crystals grew over 2 to 3 days. SCXRD afforded the crystal structure 
DABCO-CH2Cl[(1,4-DITFB)(Cl−)]. The mother liquor was removed using a Pasteur 
pipette. The crystals were then washed with several small volumes of CHCl3 (ca. 
0.25 cm3). Yield: 42.4 mg, 59%; Found C 26.06 H 2.43 N 4.44. Calc. for 1:1 
complex C13H14Cl2F4I2N2 C 26.07 H 2.36 N 4.68%. PXRD (Cu Kα1 1.540598 Å): 
°2θ = 9.844, 12.02, 13.58, 14.50, 15.24, 15.72, 15.94, 16.09, 16.80, 17.27, 17.46, 
17.74, 19.06, 19.73, 20.55, 21.22, 21.79, 22.28, 23.01, 23.82, 24.14, 25.00, 25.52, 
25.80, 26.31, 26.55, 27.08, 27.41, 28.28, 28.77, 29.23, 29.35, 29.77, 29.87, 30.79, 
31.06, 31.74, 31.94, 32.56, 32.82, 34.08, 34.82, 34.93, 35.60, 36.00, 36.57, 37.34, 
38.06, 38.54, 38.77, 38.99, 39.09, 39.45. 
 
4.1.3.2 Combination: 1,4-DITFB and TEA 
 
1,4-DITFB and TEA were co-crystallised from both DCM and DBM. These 
experiments produced material with isomorphous crystal structures. Synthesis and 
characterisation details of these compounds are given below. 
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4.1.3.2.1 TEA-CH2Cl[(1,4-DITFB)(Cl−)] 
 
Crystals formed in a sealed vessel containing a solution of 1,4-DITFB (162.1 mg, 0.403 
mmol) and TEA (40.8 mg, 0.403 mmol) in DCM (1.00 cm3) over a period of 2-3 weeks. 
Yield 164.8 mg, 70%; mp 177°C (dec.); Found C 26.45, H 2.76, N 2.43. Calc. for 1:1 
complex C13H17Cl2F4I2N: C 26.55, H 2.91, N 2.38%. Selected Raman data (solid):  ν¯ max 
(cm−1) = 2987, 2945, 1609, 1579, 1366, 866, 495, 301, 152; PXRD (Cu Kα1 1.540598 Å): 
°2θ = 7.52, 8.79, 13.69, 15.07, 17.24, 17.60, 19.13, 19.84, 20.48, 21.95, 23.04, 24.19, 
25.16, 25.80, 26.46, 27.76, 30.58, 33.05, 35.18. 
 
4.1.3.2.2 TEA-CH2Br[(1,4-DITFB)(Br−)] 
 
1,4-DITFB (15.0 mg, 37.3 μmol) and TEA (3.8 mg, 37.6 μmol) were dissolved in 
neat DBM (0.15 cm3) in a sealed vial. Crystals formed over a 36 hour period. 
Crystals were washed with DBM, filtered and dried over silica gel. SCXRD analysis 
revealed the crystal structure to be TEA-CH2Br[(1,4-DITFB)(Br−)]. Yield: 22.7 mg, 
90%; Found C 23.26 H 2.53 N 2.04. Calc. for 1:1 complex C13H17Br2F4I2N C 23.07 
H 2.53 N 2.07%. PXRD (Cu Kα1 1.540598 Å): °2θ = 7.346, 8.405, 8.660, 13.46, 
14.51, 14.69, 15.70, 17.16, 17.37, 18.76, 19.50, 20.03, 21.58, 22.09, 22.56, 22.72, 
23.96, 24.85, 25.60, 26.05, 26.15, 26.67, 27.06, 27.24, 28.16, 28.46, 28.55, 29.00, 
29.15, 29.64, 30.01, 30.12, 31.03, 31.72, 32.06, 32.15, 32.36, 32.45, 33.72, 34.18, 
34.38, 34.48, 35.13, 35.23, 35.43, 35.53, 35.97, 37.14, 37.52, 37.79, 38.02, 38.13, 
38.32, 39.17, 39.54, 39.66. 
 
 
4.1.3.3 Combination: 1,4-DITFB and [Ni(bpy)3]I2 
 
Crystals of two distinct habits were formed in an evaporating MeOH solution (8.50 
cm3) containing 1,4-DITFB (90.2 mg, 224 μmol) and [Ni(bpy)3]I2·5.5H2O (98.8 mg, 
112 μmol). The two crystal habits were needle-like and blockish (see Figure 7.5.3.1 
for a photograph of the crystals). SCXRD of a crystal of each habit revealed that the 
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two habits represented two polymorphs of co-crystalline material containing both 
1,4-DITFB and [Ni(bpy)3]I2. As the phases grew simultaneously, meaningful 
characterisation proved difficult to obtain. After the solvent had been removed from 
the vial, crystals of each habit were carefully sorted by hand. In this way, PXRD 
patterns of each compound were collected but meaningful elemental analysis could 
not. Details regarding the characterisation of each of the two compounds are 
provided below.  
 
4.1.3.3.1 [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·0.5H2O 
 
SCXRD analysis of the block shaped crystals afforded the crystal structure 
[Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·0.5H2O. PXRD (Cu Kα1 1.540598 Å): 
°2θ = 4.140, 5.158, 6.777, 8.098, 10.69, 11.24, 12.49, 13.05, 13.23, 13.48, 14.26, 
15.32, 15.63, 15.79, 16.13, 16.47, 17.34, 18.09, 18.73, 19.16, 19.51, 19.87, 20.06, 
20.38, 20.54, 21.40, 21.68, 22.30, 22.47, 22.62, 23.04, 23.73, 24.63, 25.20, 25.59, 
26.03, 26.64, 27.44, 28.67, 29.14, 29.74, 30.37, 31.28, 31.48, 32.24, 34.75, 35.61, 
36.13. 
 
 
 
4.1.3.3.2 [Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O  
 
The crystal structure of a needle-like crystal was found to be 
[Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O through the use of SCXRD. PXRD 
(Cu Kα1 1.540598 Å): °2θ = 4.530, 6.492, 6.667, 7.269, 8.134, 9.581, 11.14, 11.74, 
12.85, 12.98, 13.18, 13.82, 14.08, 14.40, 14.99, 15.65, 16.16, 16.91, 17.28, 17.75, 
18.01, 19.09, 19.28, 19.98, 20.27, 21.20, 21.57, 22.14, 23.04, 23.62, 24.17, 24.44, 
24.88, 25.25, 25.96, 26.65, 27.00, 27.56, 27.78, 28.17, 28.91, 29.19, 29.78, 31.12, 
33.42, 33.82, 34.82, 37.93, 38.92. 
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4.1.3.4 Combination: 1,4-DITFB and [Ni(phen)3]I2 
 
Combination of compounds 1,4-DITFB and [Ni(phen)3]I2 resulted in the 
procurement of a single crystalline phase. Details regarding the synthesis of this 
compound as well as the relevant characterisation information are provided below.  
 
4.1.3.4.1 [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] 
 
Co-crystals formed in a sealed vial containing a solution of 1,4-DITFB (82.2 mg, 205 
μmol) and [Ni(phen)3]I2·2H2O (60.6 mg, 68.2 μmol) in MeOH (7 cm3) over a period 
of 7 days. SCXRD analysis revealed crystal structure 
[Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2]. Found C 31.61 H 1.20 N 4.01. Calc. for 
3:1 complex C54.5H26F12I8N6O0.5 C 31.55 H 1.26 N 4.05. PXRD (Cu Kα1 1.540598 
Å): °2θ = 6.028, 7.117, 7.562, 7.688, 8.919, 9.530, 9.820, 10.50, 11.36, 11.51, 12.06, 
13.42, 13.55, 14.56, 14.97, 15.16, 15.38, 15.81, 15.96, 16.18, 16.51, 16.83, 17.07, 
17.28, 17.88, 18.05, 18.43, 18.56, 19.15, 19.57, 19.82, 20.31, 20.73, 20.98, 21.45, 
21.63, 21.93, 22.24, 22.33, 22.50, 22.73, 23.14, 23.37, 23.62, 24.01, 24.23, 24.65, 
25.04, 25.26, 25.63, 25.81, 26.48, 27.06, 27.25, 27.37, 27.74, 27.84, 28.42, 28.56, 
28.79, 29.08, 29.32, 29.73, 29.85, 30.03, 30.20, 30.43, 30.76, 31.02, 31.51, 31.65, 
32.05, 32.52, 32.81, 33.04, 33.19, 33.83, 34.13, 34.38, 34.60, 34.71, 34.96, 35.30, 
35.59, 35.94, 36.05, 36.61, 36.95, 37.33, 37.64, 37.75, 38.08, 38.30, 38.52, 39.06, 
39.16, 39.46, 39.73. 
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4.1.3.5 Combination: 1,4-DITFB and [Ni(terpy-Ph)2]I2 
 
1,4-DITFB and [Ni(terpy-Ph)2]I2 co-crystallised to give a crop of phase pure 
crystals. Characterisation and synthesis details for the single crystalline phase 
obtained are given below. 
4.1.3.5.1 [Ni(terpy-Ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O 
 
1,4-DITFB (29.4 mg, 73.2 μmol) and [Ni(terpy-Ph)2]I2·6H2O (38.0 mg, 36.6 μmol) 
were dissolved in MeOH (16.50 cm3). Slow evaporation of the solvent to dryness 
resulted in the growth of needle-like yellow-brown crystals (see Figure 7.7.3 for a 
photograph of the crystals). No further characterisation was collected for this 
compound. 
 
4.1.4 Synthesis and characterisation of co-crystals containing 
1,3,5-TITFB 
 
4.1.4.1 Combination: 1,3,5-TITFB and DABCO 
 
Co-crystallisation of 1,3,5-TITFB and DABCO under two sets of experimental 
conditions produced two novel co-crystalline compounds. Details of the synthesis 
and characterisation of these compounds are provided below.  
 
4.1.4.1.1 [(1,3,5-TITFB)2DABCO] 
 
Crystals were obtained by slow evaporation of solvent from a solution of 
1,3,5-TITFB (13.0 mg, 25.5 µmol) and DABCO (1.4 mg, 12.5 µmol) in a 2:7:7 
EtOH:acetone:water mixture (0.80 cm3). Yield 12.4 mg, 86%; mp 174-176°C; Found 
C 19.38, H 0.99, N 2.43. Calc. for 2:1 complex C18H12F6I6N2: C 19.10, H 1.07, N 
2.48%. Raman (solid): ν¯ max (cm−1) = 3122, 2955, 2942, 2875, 2539, 2150, 1563, 
1468, 1453, 1399, 1361, 1346, 1075, 1046, 973, 802, 654, 644, 619, 575, 374, 228, 
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218, 167 (C−I); PXRD (Cu Kα1 1.540598 Å): °2θ = 10.12, 11.17, 13.01, 13.57, 
17.17, 17.63, 18.23, 18.93, 19.18, 19.80, 20.20, 20.86, 21.46, 21.73, 23.08, 23.51, 
24.49, 25.42, 26.35, 27.36, 27.91, 28.52, 29.10, 29.30, 29.89, 30.36, 31.43, 31.89, 
32.72, 34.00, 34.56, 35.81, 37.03, 37.68, 38.39, 39.23. 
 
4.1.4.1.2 (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3  
 
Crystals formed in a sealed vessel containing a solution of 1,3,5-TITFB (13.0 mg, 
25.5 µmol) and DABCO (4.3 mg, 38.3 µmol) in a 50:50 DCM/CHCl3 mixture (0.70 
cm3) over a period of approximately 18 hours. Yield 16.0 mg, 84%; mp 122°C 
(dec.); Found C 23.25, H 2.87, N 5.26. Calc. for 2:3 complex 
C33H42Cl6F6I6N6⋅CHCl3 : C 23.60, H 2.50, N 4.86%. Raman (solid): ν¯ max (cm−1) = 
3000, 2954, 2890, 1562, 1460, 1395, 1077, 792, 685, 647, 574, 374, 223, 167 
(C−I); 1H NMR (400 MHz, D6-DMSO, D2O): δ = 5.24 (s, 2H), 3.35 (t, J = 8.0 Hz, 
6H), 3.07 (t, J = 8.0 Hz, 6H); 13C NMR (101 MHz, D6-DMSO) δ = 161.8 (dm, 1J = 
237 Hz), 68.0 (s), 50.7 (s), 44.4(s).  
 
4.1.4.2 Combination: 1,3,5-TITFB and TEA 
 
1,3,5-TITFB and TEA were combined in both DCM and DBM. Each solvent resulted 
in the production of a novel co-crystalline compound. Details concerning the 
characterisation and synthesis of these two compounds are given below.  
 
4.1.4.2.1 TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] 
 
Crystals formed in a sealed vessel containing a solution of 1,3,5-TITFB (10.0 mg, 
19.6 µmol) and TEA (19.9 mg, 195.3 µmol) in DCM (0.10 cm3) over a period of 3 
days. Yield 5.8 mg, 45%; mp 184°C (dec.); Found C 22.35, H 2.21, N 2.13. Calc. for 
1:1 complex C13H17Cl2F3I3N: C 22.44, H 2.46, N 2.01%. Raman (solid):  ν¯ max 
(cm−1)  = 3116, 3053, 2994, 2947, 2887, 2148, 1717, 1560, 1455, 1393, 1073, 1042, 
677, 645, 579, 375, 223, 164 (C−I); PXRD (Cu Kα1 1.540598 Å): °2θ = 8.645, 
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12.21, 13.54, 14.72, 17.45, 18.45, 20.33, 20.78, 21.87, 22.58, 25.39, 26.25, 26.68, 
27.29, 28.34, 30.39, 32.64, 33.43, 35.27, 37.16; 1H NMR (400 MHz, D6-DMSO, 
D2O): δ = 5.21 (s, 2H), 3.33 (q, J = 8.0 Hz, 6H), 1.21 (t, J = 8.0 Hz, 9H); 13C NMR 
(101 MHz, D6-DMSO) δ = 161.8 (dt, 1J = 238 Hz, 3J = 10.1 Hz), 68.4 (td, 2J = 36.4 
Hz, 4J = 4.0 Hz), 62.6 (s), 52.0 (s), 7.2 (s). 
 
4.1.4.2.2 (TEA-CH2Br)3[(1,3,5-TITFB)2(Br−)3]⋅CH2Br2 
 
1,3,5-TITFB (15.1 mg, 29.6 µmol) and TEA (3.0 mg 29.6 µmol) were dissolved in a 
50:50 solution of DBM and CHCl3 (0.15 cm3 total). Colourless crystals formed 
overnight, which were washed with CHCl3, filtered and dried over silica gel. 
SCXRD analysis using a synchrotron radiation beamline at the Australian 
Synchrotron afforded the structure (TEA-CH2Br)3[(1,3,5-TITFB)2(Br−)3]⋅CH2Br2. 
Yield: 19.6 mg, 84%; Found C 20.39 H 2.12 N 2.02. Calc. for 2:3 complex 
C34H53Br8F6I6N3 C 20.23 H 2.65 N 2.08%. PXRD (Cu Kα1 1.540598 Å): °2θ = 
8.249, 8.630, 11.95, 13.13, 14.10, 14.76, 14.97, 17.31, 18.32, 19.20, 19.82, 19.97, 
21.18, 22.39, 22.81, 23.39, 24.52, 25.04, 25.57, 25.96, 26.07, 26.43, 26.75, 27.01, 
27.09, 27.49, 27.94, 28.46, 28.55, 28.77, 30.20, 31.04, 31.20, 32.07, 33.06, 33.16, 
33.77, 35.02, 36.40, 36.49, 36.85, 38.08, 38.96, 39.26, 39.64, 39.75. 
 
4.1.4.3 Combination: 1,3,5-TITFB and [Ni(phen)3]Cl2 
 
The combination of 1,3,5-TITFB and [Ni(phen)3]Cl2 lead to the procurement of a 
single co-crystalline compound. Information regarding the synthesis and 
characterisation of this compound is given below. 
 
4.1.4.3.1 [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2] 
 
Co-crystals of [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2] were grown from an evaporating 
solution of 1,3,5-TITFB (8.4 mg, 16.5 µmol) and [Ni(phen)3]Cl2·7.5H2O (6.5 mg, 
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8.3 µmol) in MeOH (1.50 cm3). No further characterisation was collected for this 
compound. 
 
4.1.4.4 Combination: 1,3,5-TITFB and [Ni(bpy)3]I2 
 
One co-crystalline compound was obtained through combination of 1,3,5-TITFB and 
[Ni(bpy)3]I2. Synthesis and characterisation details are provided in the following 
section.  
 
4.1.4.4.1 [Ni(bpy)3][(1,3,5-TITFB)2(I−)2] 
 
1,3,5-TITFB (95.7 mg, 188 μmol) and [Ni(bpy)3]I2·5.5H2O (82.6 mg, 93.9 μmol) 
were dissolved in MeOH (16.50 cm3) in a sealed vessel. Precipitation of crystals 
suitable for SCXRD analysis occurred over the period of an hour. The solution was 
filtered and the crystals washed with several small volumes (ca. 1 cm3) of MeOH. 
The crystals were then dried over silica gel. Yield: quantitative; Found C 28.21 H 
1.15 N 4.41. Calc. for 2:1 complex C42H24F6I8N6Ni C 28.02 H 1.34 N 4.67%. 
PXRD (Cu Kα1 1.540598 Å): °2θ = 5.922, 8.943, 10.24, 11.42, 11.62, 12.02, 12.27, 
13.76, 15.00, 15.39, 16.00, 16.27, 16.87, 17.03, 17.96, 18.23, 19.54, 19.82, 20.30, 
20.51, 20.98, 21.23, 21.43, 21.80, 22.59, 22.87, 23.29, 23.75, 24.00, 24.21, 24.64, 
25.05, 25.39, 26.06, 26.55, 26.93, 27.24, 27.32, 27.47, 27.65, 28.09, 28.31, 28.82, 
29.25, 29.87, 30.29, 30.47, 30.66, 31.02, 31.21, 31.40, 31.49, 31.86, 32.36, 32.80, 
32.99, 33.26, 33.69, 33.96, 34.14, 34.41, 34.63, 35.05, 36.01, 36.62, 36.84, 37.16, 
37.81, 37.91, 38.37, 38.76, 39.08, 39.32, 39.73.  
 
4.1.4.5 Combination: 1,3,5-TITFB and [Ni(phen)3]I2 
 
The combination of 1,3,5-TITFB and [Ni(phen)3]I2 resulted in a single, pure 
co-crystalline phase. Information concerning the synthesis and characterisation of 
this compound are provided below.  
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4.1.4.5.1 [Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O 
 
The molecular components, 1,3,5-TITFB (73.0 mg, 143 μmol) and 
[Ni(phen)3]I2·2H2O (63.7 mg, 71.6 μmol), were dissolved in MeOH (16.50 cm3) in a 
sealed vial. Crystals suitable for SCXRD formed within minutes. SCXRD was used 
for structure determination. The crystals were filtered off, washed with MeOH and 
dried over silica gel. Yield: quantitative; Found C 30.70 H 1.21 N 4.46. Calc. for 2:1 
complex C48H24F6I8N6Ni·CH4O·H2O C 30.61 H 1.35 N 4.02%. PXRD (Cu Kα1 
1.540598 Å): °2θ = 7.575, 8.138, 8.363, 8.677, 9.660, 10.01, 10.39, 10.52, 10.86, 
11.16, 11.67, 12.10, 13.07, 13.54, 13.76, 14.06, 15.02, 15.39, 15.89, 16.25, 16.54, 
16.70, 16.88, 17.48, 17.80, 18.50, 18.83, 19.31, 19.52, 20.00, 20.46, 20.64, 20.78, 
21.05, 21.30, 21.43, 21.71, 22.22, 22.45, 22.70, 23.09, 23.42, 23.63, 23.89, 24.10, 
24.28, 25.10, 25.32, 25.69, 26.11, 26.25, 26.76, 27.40, 27.60, 27.99, 28.75, 29.34, 
29.87, 30.24, 30.41, 30.96, 31.13, 31.34, 31.68, 32.03, 32.84, 33.23, 33.42, 33.81, 
34.22, 34.77, 34.93, 35.36, 35.75, 35.96, 36.36, 36.59, 36.92, 37.20, 37.88, 38.27, 
38.74, 39.15. 
 
4.1.4.6 Combination: 1,3,5-TITFB and [Ni(terpy-Ph)2]I2 
 
The compounds 1,3,5-TITFB and [Ni(terpy-Ph)2]I2 were combined and a single 
co-crystalline compound was obtained. Details regarding the synthesis and 
characterisation of this compound are provided below.  
 
4.1.4.6.1 [Ni(terpy-Ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O 
 
A slowly evaporating solution of 1,3,5-TITFB (41.7 mg, 81.8 μmol) and 
[Ni(terpy-Ph)2]I2·6H2O (42.5 mg, 40.9 μmol) in MeOH (31.00 cm3) produced a crop 
of yellow-brown prismatic crystals. SCXRD of a crystal afforded the crystal 
structure  [Ni(terpy-Ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O. Yield: quantitative; 
Found C 32.46 H 1.75 N 4.06. Calc. for 2:1 complex C54H34F6I8N6NiO2·2(H2O) C 
32.06 H 1.89 N 4.15%. PXRD (Cu Kα1 1.540598 Å): °2θ = 5.849, 6.084, 7.385, 
9.303, 9.812, 10.69, 11.37, 12.14, 13.62, 13.90, 14.57, 15.14, 15.52, 15.68, 16.23, 
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16.36, 16.97, 17.66, 18.29, 18.63, 19.32, 19.90, 20.20, 20.69, 20.99, 21.24, 21.78, 
22.02, 22.38, 22.59, 22.85, 23.81, 24.46, 24.78, 24.93, 25.15, 25.37, 26.00, 26.70, 
26.92, 27.41, 27.75, 28.01, 29.29, 29.73, 29.88, 30.08, 30.78, 31.20, 31.59, 32.08, 
32.65, 33.11, 33.30, 34.25, 35.20, 36.40, 37.14, 37.77, 38.45, 39.41. 
 
4.1.4.7 Combination: 1,3,5-TITFB and [Co(terpy)2]I2 
 
A co-crystallisation experiment combining 1,3,5-TITFB and [Co(terpy)2]I2 resulted 
in the formation of two separate crystalline phases. Each of these crystalline phases 
were identified using SCXRD. Time lapse photography revealed that one phase grew 
prior to the evaporation of solvent, while the other grew as the last of the solvent 
evaporated. A pure sample of the crystals that grew before the solvent evaporated, 
[Co(terpy)2][(1,3,5-TITFB)(I−)2], was collected and characterised. A pure sample of 
the crystals that formed as the last of the solvent evaporated was not obtained. 
Further details regarding this use of time lapse photography are provided in Section 
8.2.2. Characterisation and synthesis details of [Co(terpy)2][(1,3,5-TITFB)(I−)2] are 
provided below. 
4.1.4.7.1 [Co(terpy)2][(1,3,5-TITFB)(I−)2] 
 
[Co(terpy)2]I2·2H2O (70.4 mg, 86.3 μmol) and 1,3,5-TITFB (44.0 mg, 86.3 μmol) 
were dissolved in a 1:1 ratio in a minimum volume of MeOH (ca. 5 cm3) in a sealed 
vial. Brown prismatic crystals grew over several days. Found C 33.51 H 1.66 N 6.44. 
Calc. for 1:1 complex C36H22CoF3I5N6 C 33.54 H 1.72 N 6.52. PXRD (Cu Kα1 
1.540598 Å): °2θ = 8.032, 8.560, 11.38, 12.02, 12.79, 13.08, 14.26, 14.36, 14.83, 
15.84, 16.11, 16.47, 16.97, 17.31, 18.14, 18.82, 19.22, 19.64, 20.51, 21.13, 21.56, 
21.93, 22.05, 22.21, 22.36, 22.85, 23.18, 23.31, 23.62, 24.25, 24.62, 24.79, 25.02, 
25.60, 25.91, 26.76, 26.99, 27.35, 27.75, 28.10, 28.72, 28.93, 29.18, 29.37, 29.46, 
30.00, 30.24, 31.34, 32.55, 32.68, 33.47, 34.31, 34.67, 35.79, 36.30, 36.78, 37.25, 
37.51, 38.66, 39.03, 39.31. 
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4.2 Synthesis and characterisation of X-bond donor compounds 
 
4.2.1 Synthesis of 1,3-DITFB 
 
1,3-DITFB was prepared according to the method of Whitesides et al.[2] Periodic 
acid (1.500 g, 6.7 mmol) was added to a stirring solution of concentrated sulfuric 
acid (10 cm3, 98%) cooled in an icebath. Following the dissolution of most of the 
periodic acid, potassium iodide (3.300 g, 20 mmol) was added slowly, resulting at 
first in the production of a pale yellow solution and finally in a dark brown slurry. 
This slurry was allowed to warm to room temperature. 1,2,3,5-Tetrafluorobenzene 
(1.000 g, 6.8 mmol) was added dropwise, followed by 30 mintues of stirring. A 
condenser was fitted and the reaction mixture heated to 70°C resulting in the solution 
turning purple in colour with a white precipitate deposited throughout the inner 
surface of the flask. This temperature was maintained with stirring for 4 hours. The 
reaction mixture was then left to cool to room temperature before pouring over ice 
(ca. 40 g). The dark oil and pale coloured aqueous layer were extracted with diethyl 
ether (2 x 10 cm3). The dark coloured ether extracts were combined and washed with 
sodium thiosulfate solution (60 cm3, 10% w/w in water) removing most of the 
colour, and water (20 cm3) before being dried over anhydrous sodium sulfate. The 
solvent was removed under reduced pressure and the resulting orange liquid purified 
by column chromatography (silica gel, 230-400 mesh, hexane). The compound of 
interest eluted very quickly as a single spot on TLC, with a dark band of polar 
impurities remaining on the baseline. The solvent was removed under reduced 
pressure to give a colourless liquid (1.7 g, 63%). 13C NMR in CDCl3 spectrum 
matched the previously reported spectrum (see Appendix E1 for 13C NMR 
spectrum).[2]   
 
4.2.2 Synthesis of 1,3,5-TITFB 
 
1,3,5-TITFB was prepared according to the method of Sander et al, similar to the 
method used to synthesise 1,3-DITFB.[3] Periodic acid (1.3 g, 5.7 mmol) was added 
to a stirring solution of concentrated sulfuric acid (10 cm3, 98%) cooled in an 
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icebath. Following the dissolution of most of the periodic acid, potassium iodide (3.3 
g, 20 mmol) was added slowly resulting in the formation of a dark brown slurry. This 
slurry was allowed to warm to room temperature. 1,3,5-Trifluorobenzene (0.51 g, 3.8 
mmol) was added dropwise and the reaction mixture heated at 70°C for 5 hours with 
stirring. The reaction mixture was then left to cool to room temperature before 
pouring over ice (ca. 100 g). The dark oil and pale coloured aqueous layer were 
extracted with diethyl ether (2 x 25 cm3). The dark coloured ether extracts were 
combined and washed with sodium thiosulfate solution (100 cm3, 10% w/w in water) 
removing most of the colour, and a water (20 cm3) before being dried over anhydrous 
sodium sulfate. The solvent was removed under reduced pressure resulting in an off 
white cyrstalline compound. This was recyrstallised from hexane twice to give white 
crystals. (1.0 g, 57%) 13C NMR in CDCl3 spectrum matched previously reported 
spectrum (see Appendix E2 for 13C NMR spectrum).[3] 
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4.3 Synthesis and characterisation of precursor metal complexes 
 
4.3.1 [Ni(bpy)3]Cl2·6.5H2O 
 
[Ni(bpy)3]Cl2·6.5H2O was synthesised according to the literature procedure reported 
by Morgan and Burstell.[4] The PXRD pattern of the resulting pink material matched 
a pattern simulated from the reported crystal structure (see Appendix C31).[5] Found 
C 50.27 H 4.85 N 11.67. Calc. for C30H24Cl2N6Ni·6.5(H2O) C 50.38 H 5.21 N 
11.75%. 
 
4.3.2 [Ni(phen)3]Cl2·7.5H2O 
 
This compound was synthesised according to a literature procedure.[6] PXRD of the 
pink solid revealed that the compound had formed in same crystalline phase as the 
previously reported crystal structure of the corresponding bromide salt 
[Ni(phen)3]Br2·8H2O (see Appendix C32).[7] Found C 53.86 H 4.57 N 10.38. Calc. 
for C30H24Cl2N6Ni·7.5(H2O) C 53.69 H 4.88 N 10.44%. 
 
4.3.3 [Ni(terpy-Ph)2]Cl2 
 
Two equivalents of 4′-phenyl-2,2′:6′,2″-terpyridine (142.4 mg , 0.4603 mmol) were 
dissolved in EtOH (10 cm3 at ca. 60° C) and added drop-wise to a stirring aqueous 
solution (0.5 cm3) of NiCl2.6H2O (54.70 mg, 2.301 mmol). During the addition a 
colour change from green to yellow was observed. The reaction mixture was allowed 
to stir for 5 minutes before it was filtered through diatomaceous earth. The solvent 
was removed under reduced pressure. This compound was not characterised, but 
rather was immediately converted to the corresponding iodide salt using the method 
described in Section 4.3.5.  
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4.3.4 [Co(terpy)2]Cl2 
 
CoCl2.6H2O (0.0545 g, 0.229 mmol) was dissolved in deionised water (0.3 cm3). 
This was added to a stirring solution of of 2,2′:6′,2″-terpyridine (0.1069 g, 0.4581 
mmol) in hot EtOH (3 cm3 at ca. 60°C). This addition prompted a change in colour 
of the solution from purple to brown indicating the formation of the target complex 
[Co(terpy)2]Cl2. The solution was stirred for 5 minutes. This compound was not 
isolated, but rather was converted to the corresponding iodide salt in situ using the 
method described in Section 4.3.5. 
 
4.3.5 Preparation of iodide salts of metal complexes 
 
Iodide salts were prepared from the corresponding chloride salts. The chloride salt 
was dissolved in a minimum volume of a 10:1 EtOH/water solution. Saturated 
aqueous potassium iodide was added drop-wise until no further precipitation was 
observed. The solution was chilled to ca. 4°C and filtered through a Buchner funnel. 
The solid material collected was thoroughly washed with deionised water and diethyl 
ether, and dried in a desiccator over silica gel. Characterisation details regarding each 
compound prepared in this way are provided below. 
 
4.3.6 [Ni(bpy)3]I2·5.5H2O 
 
[Ni(bpy)3]I2·5.5H2O was synthesised from [Ni(bpy)3]Cl2·6.5H2O using the method 
provided in Section 4.3.5. Found C 40.95 H 3.80 N 9.59. Calc. for 
C30H24I2N6Ni·5.5(H2O) C 40.94 H 4.01 N 9.55%. 
 
4.3.7 [Ni(phen)3]I2·2H2O 
 
This compound was prepared from [Ni(phen)3]Cl2·7.5H2O following the procedure 
described in Section 4.3.5. Found C 48.90 H 3.04 N 9.57. Calc. for 
C36H24I2N6Ni·2(H2O) C 48.63 H 3.17 N 9.45%.  
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4.3.8 [Ni(terpy-Ph)2]I2·6H2O 
 
[Ni(terpy-Ph)2]I2·6H2O was synthesised from [Ni(terpy-Ph)2]Cl2 using the method 
provided in Section 4.3.5. Found C 48.81 H 3.44 N 8.04. Calc. for 
C42H30I2N6Ni·6H2O) C 48.54 H 4.07 N 8.09%. While the mass percentages found 
for carbon and hydrogen were close to the calculated values, the mass percentage 
found for nitrogen was 0.63% lower than the calculated value. As subsequent use of 
this material for co-crystallisations gave samples pure by elemental analysis, this was 
not investigated further. 
 
4.3.9 [Co(terpy)2]I2·2H2O 
 
Metal complex [Co(terpy)2]I2·2H2O was synthesised from [Co(terpy)2]Cl2 using the 
method provided in Section 4.3.5. The PXRD pattern of this brown crystalline solid 
accurately matches a pattern simulated from the previously reported crystal structure 
of the dihydrate phase (see Appendix C33).  
 
4.4 References for Preparative Experimental Details 
 
[1] D. Cinčić, T. Friščić, W. Jones, Chem. Eur. J. 2008, 14, 747-753. 
[2] T. X. Neenan, G. M. Whitesides, J. Org. Chem. 1988, 53, 2489-2496. 
[3] H. H. Wenk, W. Sander, Eur. J. Org. Chem. 2002, 3927-3935. 
[4] G. T. Morgan, F. H. Burstall, J. Chem. Soc. (Resumed) 1931, 2213-2218. 
[5] C. Ruiz-Pérez, P. A. Lorenzo Luis, F. Lloret, M. Julve, Inorg. Chim. Acta 
2002, 336, 131-136. 
[6] G. B. Kauffman, L. T. Takahashi, K. H. Pearson, L. W. Sequin, S. Kirschner, 
in Inorg. Synth., John Wiley & Sons, Inc., 2007, pp. 227-232. 
[7] R. E. Norman, M. Xie, J. Coord. Chem. 2004, 57, 425-434. 
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5. INVESTIGATION OF THE SUPRAMOLECULAR 
CHARACTER OF 1,2-DITFB, 1,3-DITFB AND 1,3,5-TITFB 
IN CRYSTALLINE MATERIALS 
 
5.1 Co-crystallisation 
 
Recrystallisation is generally thought of as a means to purify a material. This 
technique necessarily assumes that molecules prefer to crystallise with their own; 
that impurities, if allowed to recrystallise at all, will do so separately. In the latter 
case, separation can be achieved by fractional crystallisation or, more laboriously, by 
hand. This assumption holds true for the vast majority of cases wherein the technique 
is employed for the purposes of purification. However, when there is significant 
attraction between molecules of different species whose chemical structures allow 
efficient solid-state co-packing, there exists a possibility for those molecules to 
crystallise together to form a single crystalline substance. This process occurs most 
frequently where one or more of the molecules involved is a recrystallisation solvent, 
however the resulting material is more commonly referred to as a solvate rather than 
a co-crystal. Non-solvent molecules also co-crystallise, usually by consequence of a 
deliberate attempt. This project is fundamentally concerned with deliberate 
co-crystallisation experiments involving a range of supramolecular building blocks. 
It is therefore necessary to discuss co-crystallisation techniques and issues associated 
with co-crystallisation experiments. 
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5.1.1 Techniques used to for the analysis of co-crystalline samples 
 
5.1.1.1 Powder X-ray diffraction (PXRD) 
 
Whilst single crystal X-ray diffraction (SCXRD) is an incredibly powerful technique 
for the determination of crystal structure, it has a necessary limitation in that only the 
structure of the particular crystal that is analysed is determined. This limitation 
invokes the inevitable question: do all the crystals in the bulk sample exhibit the 
same structure as this crystal? To answer this question, PXRD is often utilised in 
tandem with SCXRD. Rather than determining the crystal structure, PXRD 
traditionally allows for the determination of the crystalline phases present in a bulk 
sample of crystals. This information is provided in the form of what is referred to as 
a PXRD pattern. A comparison can be made between the PXRD pattern and a pattern 
simulated from the SCXRD data to determine whether or not the bulk sample shares 
the same crystalline phase as the single crystal that was analysed using SCXRD. 
Such a comparison is made in Figure 5.1.1.1.1, where the PXRD pattern of a crop of 
crystals formed through the co-crystallisation of 1,2-DITFB and 
1,4-diazabicyclo[2.2.2]octane (DABCO) is found to match that of a pattern simulated 
from the SCXRD data collected from one of the crystals. a In this case, the match of 
the PXRD pattern with the simulated pattern indicates that all of the crystals share a 
single phase. As attempts to co-crystallise two or more chemical compounds can 
have various outcomes, knowledge of the crystalline phases present in the bulk 
sample is of paramount importance. For this reason, PXRD patterns were routinely 
collected throughout the course of this project. 
 
                                                 
a Positions and intensities of PXRD peaks are sensitive to small unit cell changes, and hence patterns 
simulated from SCXRD data collect at 173K often differ slightly to PXRD patterns collected at room 
temperature. 
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Figure 5.1.1.1.11Comparison of the PXRD pattern of the material produced by the 
co-crystallisation of 1,2-DITFB with DABCO (top) with that of a pattern simulated from 
SCXRD data collected from one crystal (bottom). The match indicates that all of the crystals 
that make up the bulk material share the same phase as the crystal that was analysed using 
SCXRD.  
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5.1.1.2 Raman spectroscopy 
 
Raman spectroscopy is a technique used to gather information regarding the 
vibrational and rotational modes of molecules. A molecule is excited to an elevated 
energy state by a photon emitted from a laser, usually in the visible, infrared or 
ultraviolet energy range. The molecule then relaxes to a lower energy state and emits 
a photon of light. If the molecule relaxes to the original energy level, the photon will 
be emitted at an unchanged frequency. This is elastic scattering of light, known as 
Rayleigh scattering, and makes up the vast majority of scattered light upon the 
illumination of material. If the molecule relaxes to an energy state higher or lower 
than the original energy state, the emitted photon will carry a frequency lower or 
higher than before and hence is inelastically scattered. This type of scattering is 
known as Raman scattering and is analysed in Raman spectroscopy. In a Raman 
spectrometer, the Rayleigh scattered light is filtered off, allowing the less intense 
Raman scattered light to be dispersed onto and analysed by a CCD detector.  
The symmetric and antisymmetric stretching modes of the C-I bonds found in 
iodofluorobenzenes (IFBs) give rise to characteristic peaks in the Raman spectrum in 
the range of 150 to 250 cm−1. When the iodine atom is involved in X-bonding, the 
C-I bond is weakened as a result of attraction between the iodine atom and the 
X-bond acceptor. This results in a wavenumber shift of the C-I symmetric stretching 
band in the Raman spectrum.[1] The inherent difficulties associated with the 
treatment of the product of a co-crystallisation are discussed in Section 5.1.2. The 
rapid, non-destructive nature of Raman spectroscopy makes it a valuable screening 
technique for the determination of whether a crystal is indeed a co-crystal, and also 
whether the IFB component is involved in X-bonding. The Raman spectrum of a 
crystal of [DABCO(1,2-DITFB)2] is provided in Figure 5.1.1.2.1, along with the 
spectra of pure 1,2-DITFB and pure DABCO crystals. As the characteristic peaks for 
1,2-DITFB and DABCO are present in the spectrum of the adduct, it is easy to tell 
that the crystal is indeed a co-crystal. The shift in the band representing to the C-I 
stretching mode of ca. 8 cm−1 indicates that 1,2-DITFB is involved in X-bonding, 
(presumably with DABCO). The ease of this screening process made Raman 
spectroscopy an incredibly useful tool for the identification of co-crystals, whether 
those co-crystals contain molecules involved in X-bonding, and for the separation of 
different co-crystalline phases.  
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Figure 5.1.1.2.12Comparison of the Raman spectra of DABCO, 1,2-DITFB and 
[DABCO(1,2-DITFB)2], highlighting the shift in the C-I symmetric stretching band at 200 to 
250 cm−1. 
 
5.1.2 Issues related to co-crystallisation experiments 
 
When conducting a co-crystallisation experiment, the first step was to determine a 
stoichiometric ratio at which it was expected (or desired) that the molecular 
components would pack. Such a determination was carried out using knowledge of 
the chemical structures of each component, paying careful attention to the potential 
modes of interaction between them, and how many specific instances of these 
interactions are possible (for more information see Section 3.2). The components 
would then be dissolved in this ratio in a common solvent. In the simplest scenario, 
the completion of the experiment would yield a crop of co-crystals in a single 
crystalline phase containing the components in the pre-determined ratio (Figure 
5.1.2.4 (a)). However, the simplest scenario was often not observed. Many issues 
were encountered along the way that complicated the process. 
First, in some cases the compounds did not co-crystallise (Figure 5.1.2.4 (b)). If the 
individual compounds differed in colour, this result may be visible to the eye (Figure 
5.1.2.1). The phases of each pure compound may have been observable in the PXRD 
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pattern by comparison with patterns simulated from the crystal structures of the 
starting materials (see Section 5.1.1.1). Short SCXRD experiments were often used 
to screen individual crystals. Once pure crystals of each of the starting compounds 
had been identified it was concluded that co-crystallisation may not have taken place.  
 
 
Figure 5.1.2.13Tris(2,2ʹ-bipyridinenickel)(II) chloride ([Ni(bpy)3]Cl2) (pink) and 
1,4-DITFB (colourless) did not co-crystallise. This result is visible to the naked eye.  
 
Second, often the compounds co-crystallised in a ratio other than that in which they 
were originally mixed. In this case, the resulting combination of products may have 
included some co-crystals and some crystals of the compound left in excess (Figure 
5.1.2.4 (c)). Identifying which crystals were co-crystals and which were not was not 
always a trivial task, particularly if the starting compounds were the same colour or 
colourless. If careless, one may have identified a crystal of the compound in excess 
and assumed incorrectly that a negative result had been obtained. To avoid such a 
mistake, PXRD patterns were routinely collected and compared with the patterns 
simulated from SCXRD data of the starting components to check for the presence of 
a new (co-crystalline) phase. In order to acquire data for crystal structure 
determination however, it would still have been necessary to identify individual 
co-crystals. In order to do so, one option was to carry out relatively short SCXRD 
experiments (ca. 5 to 20 minutes each) on different crystals in the batch until a 
crystal with an unknown set of cell dimensions was found, however this may have 
proven to be a slow and somewhat cumbersome approach. An alternate option was to 
employ Raman spectroscopy as a rapid co-crystal screening technique as described in 
Pink crystals (pure 
[Ni(bpy)3]Cl2) Colourless crystals 
(pure 1,4-DITFB) 
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Section 5.1.1.2. Raman spectra of crystals would be recorded (ca. 1 to 2 minutes 
each) until a crystal was found to exhibit a spectrum that showed peaks representing 
both co-crystallisation components as well as a C-I stretching peak shifted from the 
wavenumber known for the respective IFB. This crystal would then be analysed by 
SCXRD. Once the actual stoichiometric ratio of components in the co-crystals was 
determined from the crystal structure, it was often necessary to repeat the 
co-crystallisation experiment starting with the components mixed in the correct 
co-crystallisation ratio in order to collect meaningful bulk sample characterisation. A 
match of the PXRD pattern of material produced in the repeat co-crystallisation with 
a pattern simulated from the SCXRD data would indicate whether phase impurities 
were present or not. For example, when 1,2-DITFB was to be co-crystallised with 
HMTA (Figure 5.1.2.2), the components were mixed in a 2:1 ratio because each 
1,2-DITFB molecule has the potential to form two X-bonds to HMTA and each 
HMTA molecule has the potential to form four X-bonds to 1,2-DITFB. The 
co-crystals produced however consisted of 1,2-DITFB and HMTA in a 5:1 ratio, 
with pure HMTA being left to crystallise separately as illustrated in Figure 5.1.2.2. In 
this case, the compounds co-crystallised in an unexpected stoichiometric ratio 
creating an excess of HMTA as a result (as illustrated in Figure 5.1.2.4 (c)). Because 
of this result, the co-crystallisation was repeated with the compounds mixed in a 5:1 
ratio in order to obtain a pure sample of co-crystals.  
 
Figure 5.1.2.24When 1,2-DITFB and HMTA were mixed in the ratio of 2:1, the co-crystals 
produced consisted of the molecules in a 5:1 ratio (see Section 5.3.5).  
 
Third, it was possible for the compounds to partially co-crystallise, meaning crystals 
of both pure compounds would have been present in the crop in addition to 
co-crystals (Figure 5.1.2.4 (d)). In this case, depending on the relative proportions of 
co-crystallised material to non-co-crystallised material it may have become necessary 
to use Raman spectroscopy to screen crystals for a co-crystal. 
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Fourth, in some cases the compounds co-crystallised entirely, but in two or more 
crystalline phases (Figure 5.1.2.4 (e)). In this situation, initially only the phase of the 
first crystal analysed by SCXRD would be found. A PXRD pattern taken from the 
bulk sample would consist of one set of peaks matching the pattern simulated from 
the crystal structure of that crystal, as well as one or more additional sets of peaks 
that did not match. The remaining crystals would then be carefully screened using 
Raman spectroscopy to locate crystals of different phases (differently shifted C-I 
stretching peaks). Once the crystal structures of every phase present had been 
determined, it would be found that the bulk sample PXRD pattern was a match for 
the superposition of each of the patterns simulated from the crystal structures of each 
phase. In the case of the co-crystallisation of 1,2-DITFB and [TEA-CH2Cl]Cl, three 
crystalline phases formed from a single experiment. By using Raman spectroscopy, 
single crystals of each of the three phases were located and their structures 
determined using SCXRD. It can be seen that the PXRD pattern of the original 
mixed phase sample (Figure 5.1.2.3 (a)) is a superposition of the PXRD patterns 
simulated from the crystal structures of the three phases (Figure 5.1.2.3 (b, c and d)).  
 
Figure 5.1.2.35(a) The PXRD pattern collected on a crop of crystals grown by 
co-crystallising 1,2-DITFB with [TEA(CH2Cl]Cl. (b, c and d) PXRD patterns simulated 
form the crystal structures of (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O, 
TEA-CH2Cl[(1,2-DITFB)(Cl–)] and TEA-CH2Cl[(1,2-DITFB)2(Cl–)] respectively. The 
PXRD pattern collected experimentally (a) is a superposition of the three crystalline phases 
shown below it. This indicates that the material that produced the PXRD pattern shown in (a) 
contained crystals of (b, c and d). 
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Last, any combination of the above scenarios were possible (Figure 5.1.2.4 (f)). 
Because of this, PXRD patterns were routinely collected for all co-crystallisation 
experiments conducted. 
 
 
Figure 5.1.2.46There are many possible outcomes to a co-crystallisation experiment, and 
hence it was important to characterise the bulk sample crystals using PXRD. Co-crystals are 
represented as the letters A and B without a space between them. Stoichiometric ratios are 
for example only.  
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5.2 X-bonding character of DABCO and HMTA 
 
1,4-DITFB has been shown to act as a linear ditopic X-bond donor node, as 
mentioned in Section 1.4.2. This is attributed to the diametrically opposed 
directionality of the X-bond donor iodine atoms. Linear 1D X-bond networks are 
typically produced when 1,4-DITFB is co-crystallised with geometrically similar 
X-bond acceptors such as 4,4ʹ-bpy (see Figure 1.4.2.4). The chemically and 
structurally similar molecules 1,2-DITFB, 1,3-DITFB and 1,3,5-TITFB have also 
been shown to act as X-bond donor nodes (Figures 1.4.2.5, 1.4.2.6 and 1.4.2.7 
respectively). The reliability of these compounds to function as X-bond donors and 
the predictability of the subsequent node topologies are however somewhat unclear, 
due to the paucity of relevant crystallographic information available. In an attempt to 
learn more about how these molecules behave as X-bond donors, they have been 
co-crystallised with X-bond acceptors DABCO and HMTA.  
 
5.2.1 Examples of DABCO in X-bonding systems in literature 
 
DABCO possesses two diametrically opposed X-bond acceptor sites, a configuration 
which promotes linear, ditopic topology, as illustrated in Figure 5.2.1.1 (a). The 
tendency for DABCO to act as a linear linker in X-bonded systems has been 
thoroughly established. In fact, DABCO acts as a linear ditopic linker in 10 of the 11 
reported crystal structuresb wherein it is involved in X-bonding. For example, in 
crystals of [DABCO(1-bromopyrrolidine-2,5-dione)2]·CHCl3, DABCO forms a 
linear X-bonded link between to two 1-bromopyrrolidine-2,5-dione molecules 
resulting in 0D supramolecular trimers (Figure 5.2.1.1 (b) [IBIYOJ]).[2] DABCO also 
acts as a linear linker between molecules of carbontetrabromide to form 1D zig-zag 
chains, as reported by Kochi et al. in 1987 (Figure 5.2.1.1 (c) [FEGYAR]).[3] Jones et 
al. co-crystallised DABCO with 1,4-DITFB and observed that the molecules arrange 
into X-bonded 1D linear chains (Figure 5.2.1.1 (d) [ISIHUN01]).[4] As DABCO 
reliably exhibits linear ditopic topology, co-crystallisations of DITFB and TITFB 
with DABCO seemed an appropriate starting point from which to study the 
                                                 
b Listed in the CSD 
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predictability and reliability of supramolecular motifs formed with these X-bond 
donors. 
If the X-bonding components were to be “saturated” in a supramolecular sense (all 
iodine atoms acting as X-bond donors and all nitrogen atoms acting as X-bond 
acceptors), co-crystallisations of 1,2-DITFB, 1,3-DITFB or 1,3,5-TITFB with 
DABCO were expected to lead to a selection of predicted motifs. In the case of 
1,2-DITFB, two possible supramolecular motifs were predicted: 1D zig-zag chains 
with ca. 60° vertices or discrete 3+3 supramolecular triangles (Figure 5.2.1.2 (a)). 1D 
zig-zag chains propagating with 120° vertices or discrete supramolecular hexagons 
were expected for co-crystallisation 1,3-DITFB with DABCO (Figure 5.2.1.2 (b)). In 
the case of 1,3,5-TITFB, the predicted X-bond motif was a (6,3) 2D honeycomb 
network where 1,3,5-TITFB molecules would act as tritopic, trigonal nodes and 
DABCO molecules as linear linkers, as illustrated in Figure 5.2.1.2 (c). 
 
 
 
Figure 5.2.1.17The relative geometry of X-bond acceptor sites (N atoms) possessed by 
DABCO result in the molecule being a reliable linear ditopic X-bond linker (a), such as in 
the structures of [DABCO(1-bromopyrrolidine-2,5-dione)2]·CHCl3 (b) and 
[DABCO(carbontetrabromide)] (c). DABCO and 1,4-DITFB self-assemble into X-bonded 
1D linear chains in the solid state (d). 
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5.2.2 Examples of HMTA in X-bond systems in literature 
 
HMTA has been shown to exhibit diverse X-bond behaviour and so its X-bond 
topology is harder to predict. In crystals of 
[HMTA(1-bromopyrrolidine-2,5-dione)2], HMTA is ditopic, producing discrete 
trimers bent at an angle of ca.109° (Figure 5.2.2.1 (b) [IBIYUP]).[2] The crystal 
structure of [HMTA(tetraiodoethene)] involves tritopic HMTA molecules, leading to 
the formation of a 2D supramolecular net motif (Figure 5.2.2.1 (c) [QIHCUF01]).[5] 
HMTA co-crystallises with carbontetrabromide to form a 3D diamondoid X-bond 
network where both components are tetratopic nodes (Figure 5.2.2.1 
(d)[HARWEC]).[6] When HMTA is co-crystallised with 1,4-DITFB, both molecules 
are ditopic leading to 1D zig-zag X-bond chains that propagate with angles of 
ca.109.5° owing to the tetrahedral disposition of lone pairs on HMTA (Figure 5.2.2.1 
(e) [QIHCOZ]).[7]  HMTA possesses four potential X-bond acceptor sites arranged in 
a tetrahedral configuration as illustrated in Figure 5.2.2.1 (a). As this geometry 
allows nodes with 2D or 3D topology (both of which are unavailable to DABCO 
molecular nodes), HMTA appeared as an ideal molecule with which to further the 
investigation of the predictability and reliability if supramolecular motifs formed 
with IFBs.  
 
Due to the number and relative geometries of X-bonding sites, likely X-bond motifs 
arising through the X-bond saturated combination of 1,2-DITFB, 1,3-DITFB or 
1,3,5-TITFB with HMTA were not clear. Despite this, it was anticipated that the 
results would provide useful information regarding the X-bonding tendencies of 
1,2-DITFB, 1,3-DITFB and 1,3,5-TITFB. 
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Figure 5.2.2.19HMTA possesses four potential X-bond acceptor sites in a tetrahedral 
geometry (a), and has shown to be ditopic forming discrete trimers (b), tritopic in 2D nets (c) 
and tetratopic in diamondoid type 3D networks (d). The crystal structure of 
[HMTA(1,4-DITFB)] features ditopic HMTA and 1,4-DITFB arranged in a zig-zag X-bond 
motif. 
 
 
 
 
 
 
 
ca.109.5
 
HMTA 
(tetrahedral X-bond acceptor) 
(a) (b) 
(c) (d) 
(e) 
N N
N
N
  Chapter 5 
125 
 
5.3 Results of co-crystallisation of iodofluorobenzenes with 
DABCO and HMTA 
 
The structural details of co-crystals synthesised are reported in this section. 
Discussions and comparisons are withheld until later sections. Upon initially 
conducting the co-crystallisations reported below, the starting points for the ratios of 
molecular components were determined to allow saturation of the iodine and 
nitrogen X-bonding functionalities. For example, in the case of 1,2-DITFB and 
DABCO, both components possess two X-bonding sites, hence the starting ratio first 
used was 1:1. PXRD patterns and elemental analysis were collected for reported 
co-crystalline compounds unless otherwise stated. Where collected, these 
characterisations indicated a high degree of phase and chemical purity respectively 
unless otherwise stated. Further details regarding the synthesis and characterisation 
of the co-crystalline compounds reported below can be found in Section 4.1. 
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5.3.1 [(1,2-DITFB)2DABCO] 
 
As 1,2-DITFB and DABCO are both potentially ditopic, supramolecular saturation 
of X-bonding sites would result in crystals containing the compounds in a 1:1 ratio.  
Accordingly, co-crystallisation was initially conducted using a 1:1 ratio of the 
reagents. However, this experiment yielded crystals of a 2:1 DITFB:DABCO 
complex. Subsequent co-crystallisation of 1,2-DITFB with DABCO from a 2:1 
solution of the reagents gave the discrete 2:1 supramolecular complex 
[(1,2-DITFB)2DABCO] in high chemical and structural purity (refer to Section 
4.1.1.1 for further details).  
 
In crystals of [(1,2-DITFB)2DABCO] the component molecules are connected by 
X-bonds in discrete supramolecular trimers comprising ditopic DABCO which forms 
X-bonds to one of the iodine atoms of each 1,2-DITFB molecule (as shown in Figure 
5.3.1.1). The complex has pseudo C2v symmetry with a bow-like shape due to the 
slight deviation from co-linearity of the two N⋅⋅⋅I X-bonds. It could be postulated that 
the steric bulk of DABCO prevents further propagation of X-bonding, due to the 
ortho- geometric relationship of iodine atoms of 1,2-DITFB. However, this 
explanation appears to be unsatisfactory as the combinations of 1,3-DITFB and 
DABCO (Section 5.3.2) and 1,3,5-TITFB and DABCO (Section 5.3.4) result in 
similar discrete connectivity despite having meta- iodine atom substitution. 
Somewhat curiously, and perhaps even counter-intuitively, the iodine atoms not 
involved in halogen bonds (I1 and I4) project on the same side of the molecule. 
Interestingly, this arrangement of the iodine atoms in the structure is conducive to the 
formation of discrete 3+3 supramolecular triangles. In the crystal, the supramolecular 
complexes stack via π-interactions between 1,2-DITFB molecules as illustrated in 
Figure 5.3.1.2. This results in distinct fluorocarbon (red square) and hydrocarbon 
(blue square) domains in the crystal.  
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Figure 5.3.1.110A pair of X-bonded supramolecular trimers in [(1,2-DITFB)2DABCO]. 
X-bond details: I3⋅⋅⋅N2 2.74 Å, C−I3⋅⋅⋅N2 170.3°; I2⋅⋅⋅N1 2.80, C−I2⋅⋅⋅N1 171.0°. Distortions 
in the conformation of the DABCO molecules prevent the supramolecular trimers from 
having true C2v symmetry. 
 
 
Figure 5.3.1.211Supramolecular trimers in crystals of [(1,2-DITFB)2DABCO] pack along 
the crystallographic a axis through π-stacking of 1,2-DITFB molecules. π-Stacking of 
1,2-DITFB molecules results in distinct fluorocarbon (red square) and hydrocarbon (blue 
square) domains. 
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5.3.2  [(1,3-DITFB)2DABCO] 
 
1,3-DITFB and DABCO were initially co-crystallised from a solution containing a 
1:1 ratio of components to satisfy the stoichiometric requirements of a saturated 
system. However, co-crystallisation from a slowly evaporating 1:1 
1,3-DITFB:DABCO ethanol (EtOH)/water solution resulted in the formation of 
co-crystals containing the components in a 2:1 ratio. Repetition of the 
co-crystallisation experiment with the compounds present in a 2:1 ratio in the 
crystallising solution afforded a pure sample of [(1,3-DITFB)2DABCO] co-crystals 
(refer to Section 4.1.2.1 for characterisation details). 
 
The crystal structure of [(1,3-DITFB)2DABCO] features molecules X-bonded in 
discrete trimers. DABCO acts as a ditopic X-bond linker between two monotopic 
1,3-DITFB molecules giving rise to the 2:1 complex with pseudo C2v symmetry 
shown in Figure 5.3.2.1 (a). The remaining iodine atoms not involved in X-bonds 
with DABCO are oriented on the same side of the trimeric unit, an arrangement 
which is potentially contributive to the formation of discrete supramolecular 
hexagons. 1,3-DITFB molecules π-stack in 1D columns that propagate parallel to the 
c-axis. The orientation of 1,3-DITFB is rotated from one molecule to the next along 
the column as illustrated in Figure 5.3.2.1 (b). This arrangement gives rise to distinct 
1,3-DITFB and DABCO sectors in crystals when viewed down the c-axis (Figure 
5.3.2.1 (c)). DABCO molecules are rotationally disordered around the pseudo 3-fold 
axis of the DABCO molecule, resulting in two equally populated two sites.  
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Figure 5.3.2.112Molecules are arranged in discrete X-bond trimers in the crystal structure of 
[(1,3-DITFB)2DABCO] (a). 1,3-DITFB molecules π-stack in columns parallel to the c-axis, 
rotating from one molecule to the next (b). This results in the formation of sectors of 
1,3-DITFB (red square) and DABCO (blue square) molecules. X-bond details: I3⋅⋅⋅N2 2.69 
Å, C−I3⋅⋅⋅N2 178.6°; I2⋅⋅⋅N1 2.73, C−I2⋅⋅⋅N1 177.2°. 
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5.3.3 [(1,3-DITFB)DABCO] 
 
1,3-DITFB and DABCO were also co-crystallised from a sealed vial containing a 1:1 
ratio of components dissolved in a 50:50 DCM:CHCl3 solution (reasons for doing 
this provided in Section 6.2.2). Colourless crystals formed in the solution despite the 
absence of the evaporation of solvent. Single crystal X-ray analysis determined that 
the reagents were present in a 1:1 ratio in the crystals. 
In crystals of [(1,3-DITFB)DABCO], 1,3-DITFB and DABCO are connected by 
X-bonds in infinite 1D zig-zag chains (Figure 5.3.3.1). Each 1,3-DITFB molecule 
forms X-bonds with two DABCO molecules and each DABCO with two 1,3-DITFB 
molecules. The zig-zag chains exhibit turns of ca. 120°, which arise through the 
relative geometry of the 1,3-DITFB iodine atoms. The chains exist in two 
conformations (1 and 2 in Figure 5.3.3.2 (a)); the difference between conformers 
being a slight deviation from linearity across the I···DABCO···I connection in chain 
2 compared with the approximately linear connection observed in chain 1. The two 
conformations of chains pack in immediate proximity to one another in a 1:1 ratio 
(Figure 5.3.3.2 (c)). The lack of π-stacking interactions in the structure of 
[(1,3-DITFB)DABCO] (Figure 5.3.3.3) is rarely observed in structures containing 
IFB molecules.  
 
 
Figure 5.3.3.113A fragment of an infinite 1D zig-zag X-bond chain with ca. 120° turns 
found in crystals of [(1,3-DITFB)DABCO]. 
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Figure 5.3.3.214The two conformationally unique X-bond chains found in crystals of 
[(1,3-DITFB)DABCO] (chains 1 and 2, (a)) differ in the angle across I···DABCO···I (b), 
and pack adjacent to one another in a 1:1 ratio (c). X-bond details: I3⋅⋅⋅N1 2.80 Å, C−I3⋅⋅⋅N1 
174.1°; I4⋅⋅⋅N2 2.78, C−I4⋅⋅⋅N2 176.0°; I1⋅⋅⋅N4 2.73 Å, C−I1⋅⋅⋅N4 177.8°; I2⋅⋅⋅N3 2.75, 
C−I2⋅⋅⋅N3 176.4°. 
 
 
Figure 5.3.3.315No π-stacking interactions are present in crystals of [(1,3-DITFB)DABCO]. 
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5.3.4 [(1,3,5-TITFB)2DABCO] 
 
It was anticipated that if saturation of iodine and nitrogen X-bonding sites were to be 
observed, 1,3,5-TITFB and DABCO would assemble into supramolecular hexagons, 
as displayed in Figure 5.2.1.2 (c). Such saturation would require the components to 
be present in a ratio of 2:3, respectively. Accordingly, the compounds were 
combined in a 2:3 ratio for co-crystallisation. A crop of co-crystals was obtained that 
contained 1,3,5-TITFB and DABCO in a 2:1 ratio. The experiment was repeated 
using a 2:1 ratio of 1,3,5-TITFB and DABCO in the initial solution which yielded a 
pure sample of co-crystals of [(1,3,5-TITFB)2DABCO] (see Section 4.1.4.1 for 
further characterisation details). 
 
In crystals of [(1,3,5-TITFB)2DABCO], molecules are arranged in a 2D X-bond 
network. DABCO forms N⋅⋅⋅I X-bonds to two 1,3,5-TITFB molecules. Atom I1, 
which is the X-bond donor in the interaction with the DABCO nitrogen atom, is also 
the X-bond acceptor in an I⋅⋅⋅I interaction with I2 (Figure 5.3.4.1). Thus, atom I1 is 
involved in two X-bonds (as both donor and acceptor) and I2 is an X-bond donor 
while I3 is not involved in X-bonding. The I⋅⋅⋅I X-bonds connect adjacent trimers 
into 2D tapes that propagate parallel to the ab plane as illustrated in Figure 5.3.4.2 
(a).  π-Stacking interactions between the 1,3,5-DITFB molecules of adjacent 2D 
tapes result in their interdigitation (but not interpenetration) as described in Figure 
5.3.4.2 (b). 
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Figure 5.3.4.116In the structure of  [(1,3,5-TITFB)2DABCO], the DABCO molecule forms 
N⋅⋅⋅I X-bonds to two 1,3,5-TITFB molecules making a trimeric [(1,3,5-TITFB)2DABCO] 
supramolecular complex with two-fold crystallographic symmetry. Adjacent trimers are 
connected by I⋅⋅⋅I X-bonds as indicated. X-bond details: I1⋅⋅⋅N1 2.76 Å, C−I1⋅⋅⋅N1 173.9°; 
I2⋅⋅⋅I1 3.84 Å, C−I2⋅⋅⋅I1 164.2°, C−I1⋅⋅⋅I2 107.6°.  
 
 
Figure 5.3.4.217(a) I⋅⋅⋅I halogen bond interactions between (1,3,5-TITFB)2DABCO units in  
[(1,3,5-TITFB)2DABCO] results in the formation of 2D tape-like network. (b) Adjacent 
tapes (one black, the other green) interdigitate via formation of π-interactions. 
 
N1 
N1 
I1 
I1 
I2 
I2 
I3 
I1 b 
o c 
a 
(a) (b) 
Interdigitation, but not 
interpenetration 
Chapter 5 
134 
 
5.3.5 [(1,2-DITFB)4HMTA]1,2-DITFB 
 
If the co-crystallisation of 1,2-DITFB with HMTA resulted in the formation of 
X-bonds involving every possible donor and acceptor site available, the components 
would be present in a 2:1 ratio. For that reason, 1,2-DITFB and HMTA were 
combined in a 2:1 ratio and allowed to crystallise from an evaporating mixture of 
EtOH and water. However, SCXRD analysis determined that the co-crystals obtained 
were constituted of the reagents in a 5:1 ratio. Crystallisation with an initial ratio of 
5:1 1,2-DITFB:DABCO in solution produced a pure sample of crystals of 
[(1,2-DITFB)4HMTA]1,2-DITFB (characterisation details provided in section 
4.1.1.2). 
 
In crystals of [(1,2-DITFB)4HMTA]1,2-DITFB, tetratopic HMTA forms X-bonds 
with four separate DITFB molecules to yield discrete tetrahedral supramolecular 
pentamers (Figure 5.3.5.1 (a)). Each of the 1,2-DITFB molecules participate in only 
one I···N X-bond with HMTA; the iodine atoms not involved forming weak 
interactions with the fluorine atoms of DITFB molecules in adjacent pentamers (see 
Sections 1.3.4 and 5.4.4 for information regarding the X-bond strength of C-I···F 
interactions). This connectivity results in the arrangement of pentamers into columns 
that propagate parallel to the b-axis (Figure 5.3.5.1 (b)). π-Stacking interactions are 
observed between DITFB molecules of neighbouring pillars (Figure 5.3.5.2). A fifth 
1,2-DITFB molecule, which is not involved in any significant X-bonding interaction, 
is included in the lattice to fill space between pillars. This molecule is also involved 
in the π-stacking network and so is an integral structural component of the overall 
molecular assembly.  
1,2-DITFB 
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Figure 5.3.5.118The crystal structure of [(1,2-DITFB)4HMTA]1,2-DITFB features 
molecules arranged in X-bond pentamers (a) that are arranged into columns by relatively 
weak interactions between iodine and fluorine atoms (b). X-bond details: I7⋅⋅⋅N4 2.85 Å, 
C−I7⋅⋅⋅N4 174.6°; I1⋅⋅⋅N1 2.87 Å, C−I1⋅⋅⋅N1 174.2°; I3⋅⋅⋅N2 2.85 Å, C−I3⋅⋅⋅N2 174.5°; 
I5⋅⋅⋅N3 2.82 Å, C−I5⋅⋅⋅N3 173.9°. 
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Figure 5.3.5.219Adjacent pillars interact via π-stacking interactions (a). In cases when close 
packing of pillars is not geometrically possible, non-X-bonding 1,2-DITFB is included in the 
lattice as an auxiliary π-stacking component (b). 
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5.3.6 [(1,3-DITFB)2HMTA] 
 
1,3-DITFB and HMTA were mixed in a 2:1 ratio for the same reasons provided for 
the co-crystallisation of 1,2-DITFB and HMTA. The compounds were dissolved in 
an EtOH/water solvent mixture. Evaporation of solvent yielded crystals of 
[(1,3-DITFB)2HMTA]. 
In crystals of [(1,3-DITFB)2HMTA], HMTA forms X-bonds with 1,3-DITFB 
molecules at two of four possible X-bond acceptor sites (ditopic). Atom I1, which is 
the X-bond donor in an interaction with HMTA, is also the X-bond acceptor in an 
I⋅⋅⋅I interaction with I2. In this way, atom I1 acts as both X-bond donor and acceptor, 
while I2 acts as an X-bond donor. This X-bond connectivity results in the formation 
of supramolecular ladders, where HMTA molecules make up the “rungs” (Figure 
5.3.6.1). There are two ladder motifs set apart by the planes of the constituent 
1,3-DITFB molecules. In one ladder motif, the 1,3-DITFB molecules lie roughly 
co-planar with the ladder. In the other motif, the 1,3-DITFB molecules do not lie in 
the plane of the ladder. The differences in these motifs are illustrated in Figure 
5.3.6.2. The two motifs pack in an alternating manner throughout the crystal and are 
present in a 1:1 ratio. The molecules are arranged in a manner such that the 
fluorinated portions of the molecular components and the hydrocarbon type 
components are segregated into distinct regions, as displayed in Figure 5.3.6.3.  
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Figure 5.3.6.120In crystals of [(1,3-DITFB)2HMTA], molecules are arranged in 
supramolecular X-bonded ladders. 
 
 
Figure 5.3.6.221There are two slightly different ladder motifs present in the crystal structure 
of [(1,3-DITFB)2HMTA]. The main difference is the planes of the rings of the constituent 
1,3-DITFB molecules. The two motifs pack in a 1:1 ratio throughout the crystal. X-bond 
details: I1⋅⋅⋅N1 2.83 Å, C−I1⋅⋅⋅N1 176.3°; I2⋅⋅⋅I1 3.85, C−I2⋅⋅⋅I1 157.9°, C−I1⋅⋅⋅I2 105.6°; 
I3⋅⋅⋅N4 2.83 Å, C−I3⋅⋅⋅N4 176.6°; I4⋅⋅⋅I3 3.86 Å, C−I4⋅⋅⋅I3 155.5°, C−I3⋅⋅⋅I4 105.4°. 
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Figure 5.3.6.322In the crystal structure of [(1,3-DITFB)2HMTA], there exists regions of the 
fluorinated portions of molecules (red square) and regions of hydrocarbon type molecules 
(blue square). 
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5.4 Discussion of co-crystallisation results 
 
5.4.1 Comparison of geometries of X-bonds with previously reported 
X-bonds 
 
A statistical survey of the CSD[8] was carried out in order to determine whether the 
X-bonds in structures reported in this chapter could be described as “normal” in 
terms of Y-X···B angle and X···B length. To verify I···N contacts, the database was 
queried for structures involving IFB donors and nitrogen acceptors with I···N 
distances being shorter than the sum of the respective van der Waals radii. 146 
structures were found to feature contacts meeting this criterion. A scatterplot of I···N 
length vs. C-I···N angle was generated to compare the data extracted from the CSD 
with the relevant measurements taken from the structures reported in this chapter 
(Figure 5.4.1.1 (a)). Two distinct clusters of data points were observed, as well as a 
number of outliers. The cluster spanning from 165° to 180° and from 2.7 to 3.1 Å 
represents “normal” geometries for the C-I···N supramolecular synthon. All of the 
C-I···N contacts reported in this project exhibit geometries in this range (red 
squares). Further investigation showed that the smaller cluster of data points at 
around 150° and 2.8 Å is constituted of contacts involving 
difluoro-pentafluorophenyl-iodine(I), a species containing a positively charged 
iodine atom (blue triangles on scatterplot). These interactions are therefore no longer 
the result of the polarisation of the donor atom and are hence can be considered a 
different type of interaction. Several outliers were found to represent interactions 
wherein the donor iodine atom is simultaneously involved in X-bonds with two 
separate nitrogen atoms (green diamonds). It was noted that four out of the six 
remaining outliers involve C≡N X-bond acceptors. 
A similar search was conducted for IFB donors and iodine acceptors. Structures with 
the stronger acceptor iodide were omitted, as X-bonding involving anions typically 
leads to significantly shorter contacts than for neutral components. The scatterplot 
generated from the results of this search are shown in Figure 5.4.1.1 (b). Several of 
the data points at lower angles represent Type 1 X-bonds which exhibit considerably 
different geometries to Type 2 X-bonds (blue triangles on scatterplot) (Section 
1.3.4). The available data suggests that the normal geometries of Ar-I···I X-bonds 
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have angles between 145 and 175° and I···I distances between 3.60 and 3.95 Å. It 
can be seen from the plot that the I···I contacts reported in this project (red squares) 
exhibit characteristic geometries for this type of interaction.  
 
 
Figure 5.4.1.123Scatterplots of lengths vs. angles for I···N X-bonds (a) I···I X-bonds (b) 
constructed using the results of a statistical survey of the CSD. Data points taken from the 
structures presented in this thesis shown as red squares.  
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5.4.2 Discussion of supramolecular unsaturation of 
iodofluorobenzene molecules 
 
As noted earlier, in X-bonding structures containing 1,4-DITFB, the DITFB 
molecules almost always act as ditopic X-bond connectors with both iodine atoms 
participating as X-bond donors. If this trend were to be followed, 1,2-DITFB and 
1,3-DITFB would form two X-bonds and 1,3,5-TITFB would form three X-bonds 
when challenged with DABCO or HMTA as the X-bond acceptor. While there are 
significantly fewer examples of X-bonded structures containing 1,2-DITFB, 
1,3-DITFB and 1,3,5-TITFB, there are examples of each in which all iodine atoms 
are involved in X-bonds. However, the IFB components in the structures of 
[(1,2-DITFB)2DABCO] (Section 5.3.1), [(1,3-DITFB)2DABCO] (Section 5.3.2), 
[(1,3,5-TITFB)2DABCO] (Section 5.3.4), and [(1,2-DITFB)4HMTA]1,2-DITFB 
(Section 5.3.5) could be described as being “unsaturated” in a supramolecular sense. 
In other words, not all of the possible donor sites X-bond to N atoms of DABCO or 
HMTA. The X-bond motifs exhibited in each of these structures are provided in 
Figure 5.4.2.1, where iodine atoms not involved in X-bonding are emphasised. While 
it is possible that potential steric interference between the acceptor molecules may 
inhibit the formation of X-bonds at both iodine atoms of 1,2-DITFB, in 1,3-DITFB 
and 1,3,5-TITFB, the iodine atoms are well spaced and project at 120° from each 
other. Thus, there is no obvious crystallographic reason why the unsaturated 
complexes are preferred over the saturated ones. While it is clear from the statistical 
survey (Figure 5.4.1.1) that the geometries of the X-bonds reported in this chapter 
fall into the normal range and are therefore predictable, the unsaturation of the IFB 
components limits the predictability of the X-bond motifs that are observed for these 
compounds.  
The group of van der Boom commented on lower than predicted topological 
connectivity involving 1,3,5-TITFB.[17a] The exact reason for this was not established 
but the likely reason was postulated to be the favourable packing arrangements 
combined with the possibility that charge donation from X-bond interactions at two 
iodine atoms of the 1,3,5-TITFB has a detrimental effect on the capacity of the third 
iodine atom to accept a pair of electrons to make the third X-bond. Our results do not 
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confirm or deny either possibility but lend weight to the argument that with neutral 
nitrogen based X-bond acceptors there appears to be a definite preference for fewer 
than three X-bonds when combined with 1,3,5-TITFB.  
Another possible factor limiting topological complexity may be the choice of 
crystallisation solvent. As previously mentioned, the co-crystals were synthesised by 
the dissolution of both the IFB and X-bond acceptor components (DABCO, HMTA) 
in a mixture of a volatile solvent (EtOH or acetone) and water, followed by the slow 
evaporation of the volatile solvent. This methodology is based on the hypothesis that 
an X-bonded adduct will become insoluble as the volatile solvent evaporates, 
eventually precipitating as co-crystals since IFBs studied in this work are soluble in 
the volatile solvents but are insoluble in water. DABCO and HMTA however are 
soluble in both the volatile solvents and in water. No doubt solvent interactions 
between water and DABCO/HMTA are in strong competition with X-bonding 
interactions, and the presence of solvated water molecules in the crystal structures of 
pure DABCO[9] and HMTA[10] are proof of this. It is postulated that this competition 
may reduce the presence of DABCO or HMTA in the co-crystalline material formed. 
This inference is supported by the fact that when 1,3-DITFB and DABCO were 
co-crystallised from neat DCM, saturation of the X-bonding sites of 1,3-DITFB was 
observed ([(1,3-DITFB)DABCO], (Section 5.3.3). It therefore seems plausible that 
complete supramolecular saturation of the IFB components is possible if 
crystallisation is conducted in a relatively non-competitive solvent environment. If 
complete supramolecular saturation were to be achieved, the resulting X-bond motifs 
would be considerably more predictable. As future work, it would be worthwhile to 
investigate the co-crystallisation of the various IFBs with DABCO and HMTA from 
a wider range of solvents/solvent mixtures. 
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Figure 5.4.2.124IFB molecules are unsaturated in the structures of (a) 
[(1,2-DITFB)2DABCO],  (b) [(1,2-DITFB)4HMTA]1,2-DITFB, (c) [(1,3-DITFB)2DABCO]  
and (d) (1,3,5-TITFB)2DABCO]. Iodine atoms not participating in X-bonding are circled in 
red. 
  
b 
o c 
a 
o 
c a 
b 
c 
a 
b 
o o 
c 
a 
b 
(a) 
(b) 
(c) 
(d) 
Chapter 5 
146 
 
5.4.3 π-stacking influence on crystal structure 
 
From the structures reported in this chapter, it is evident that π-stacking interactions 
play a major role in the organisation of components of X-bond systems containing 
1,2-DITFB, 1,3-DITFB or 1,3,5-TITFB. In all but one structure, π-stacking 
interactions form between units of the primary X-bond motif, i.e. between discrete 
trimers, 1D chains, 1D tapes or 2D nets. IFB molecules typically align regardless of 
X-bond motif, which often results in well-defined columns of IFB molecules and 
acceptor molecules that run through the crystal (such as in the case of crystals of 
[(1,3-DITFB)2DABCO], Figure 5.4.3.1 (d)). These interactions aid the prediction of 
likely crystal structures of these systems, as engineering for a desirable X-bond 
topology alone does not provide any means of control over how the individual units 
of such a desired topology will be positioned relative to one another. It should be 
noted that there is no competition for π-interactions between IFB molecules, as there 
are no other planar species present (DABCO and HMTA are aliphatic). If IFBs are 
used as X-bond donor building blocks and all other building blocks are non-planar, 
any X-bond complexes formed involving the IFB components can be predicted to 
assemble in a way such that “stacks” of IFB molecules are present. It would be of 
interest to investigate systems where the X-bond acceptors are planar and hence can 
compete with IFBs for π-stacking interactions and compare the results with those 
reported herein.  
 
IFB molecules show a preference for offset-face-to-face π-stacking motifs. Adjacent 
molecules are typically oriented such as to minimise the electrostatic repulsion 
arising through the close proximity of iodine atoms. In the structure of 
[(1,2-DITFB)4HMTA]1,2-DITFB, 1,2-DITFB molecules are stacked such that the 
iodine atoms project in opposite directions, as shown in Figure 5.4.3.1 (a). Similar 
configurations are adopted by IFB molecules in crystals of [(1,3-DITFB)2DABCO] 
and [(1,3,5-TITFB)2DABCO], where the aryl components stack as illustrated in 
Figure 5.4.3.1 (b) and (c) respectively. These commonly occurring π-stacking motifs 
add to the predictability of how π-stacking interactions influence the assembly of 
individual X-bond complexes relative to one another.  
 
  Chapter 5 
147 
 
In the structure of [(1,2-DITFB)4HMTA]1,2-DITFB, one of the lattice 1,2-DITFB 
molecules does not directly participate in X-bonding with other components. It is 
however, an integral part of a π-stacking network. As future work it would be 
interesting to perform this experiment from X-bond inert aromatic solvents that 
resemble 1,2-DITFB in size (such as toluene, benzene) to see if they would be 
incorporated into this space in place of 1,2-DITFB.  
 
Figure 5.4.3.125In the structures of (a) [(1,2-DITFB)4HMTA]1,2-DITFB, (b) 
[(1,3-DITFB)2DABCO] and (c) [(1,3,5-TITFB)2DABCO], IFB molecules π-stack in an 
offset-face-to-face geometry such that the steric repulsion arising through the close 
proximity of iodine atoms is minimised. (b) π-Stacking between molecules of 1,3-DITFB in 
adjacent X-bond trimers in [(1,3-DITFB)2DABCO] leads to the formation of distinct 
columns of DITFB (red square) and DABCO (blue square) molecules running through the 
crystal.  
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5.4.4 Consideration of I···F close contacts 
 
In all co-crystallisations involving iodofluorocarbons, X-bond interactions between 
iodine and fluorine atoms are possible. Such contacts are observed in the structures 
of [(1,2-DITFB)2DABCO], [(1,3-DITFB)2DABCO] and 
[(1,2-DITFB)4HMTA]1,2-DITFB (Figure 5.4.4.1 (a), (b) and (c) respectively). At 
first glance, it might appear that C-I···F interactions are in competition with C-I···N 
interactions. However, it is important to note that for neutral X-bond acceptors, 
X-bond strength typically follows Lewis basicity (see Section 1.3.4). As tertiary 
amines (such as DABCO and HMTA) are stronger Lewis bases than fluorine atoms, 
it is expected that tertiary amine nitrogen atoms are stronger X-bond acceptors than 
fluorine atoms, and hence that C-I···N interactions are stronger than C-I···F 
interactions. If C-I···N X-bonds provide more stabilising energy than C-I···F 
X-bonds it seems unlikely that the latter would displace the former. Rather, it seems 
more likely that when crystal packing favours unsaturated IFB molecules, fluorine 
atoms, which are present in a relative abundance, are packed in close proximity to 
free iodine atoms since C-I···F interactions provide more stabilising energy than van 
der Waals interactions alone. Compared with the single lone pair possessed by 
tertiary amine nitrogen atoms, carbon-bound fluorine atoms possess three lone pairs 
and therefore provide less predictable X-bond directionality. Because of this, 
engineering X-bond topology through the use of C-I···F interactions is problematic. 
The focus of this thesis is directed toward the stronger and more directional X-bonds, 
however C-I···F interactions that clearly have a significant impact on crystal 
structure will be noted. As future work, it would be worthwhile investigating the 
subtle role that C-I···F contacts play in determining crystal packing in the structures 
reported herein.  
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Figure 5.4.4.126C-I···F contacts (shown as purple and yellow bonds) occur in the structures 
of (a) [(1,2-DITFB)2DABCO], (b) [(1,3-DITFB)2DABCO], and (c) 
[(1,2-DITFB)4HMTA]1,2-DITFB.  
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6. EXPLOITATION OF THE MENSHUTKIN REACTION FOR 
THE CONTROLLED ASSEMBLY OF X-BONDED 
ARCHITECTURES INCORPORATING IFBS 
 
6.1 The Menshutkin reaction 
 
The lower than possible topological connectivity displayed in the structures 
described in the previous chapter piqued interest and attempts were made to 
crystallise the components from alternate solvent environments in the search of other 
polymorphs or crystalline forms, particularly those exhibiting supramolecular 
saturation of the iodine and nitrogen atoms. One of the first alternate crystallisation 
solvents investigated was DCM. The crystal structures obtained from 
co-crystallisations from DCM proved both surprising and intriguing. 
 
A chemical process, often referred to as the Menshutkin reaction,[1] occurs between 
tertiary amines and alkyl halides. The accepted mechanism is one of nucleophilic 
substitution and results in the formation of a salt comprising a quaternary ammonium 
cation and the displaced chloride counteranion. DCM readily participates in the 
Menshutkin reaction[2] which is illustrated in Figure 6.1.1 (a).a Here, in the 
crystallisation mixtures containing DCM, the Menshutkin reaction between DABCO 
and DCM resulted in the in situ formation of a tertiary amine salt 
1-(chloromethyl)-4-aza-1-azoniabicyclo[2.2.2]octane chloride, 
(DABCO-CH2Cl+)Cl− (Figure 6.1.1 (b)) which has recently been shown to 
participate in the formation of a novel coordination polymer.[3] The chloride anion is 
a well-known X-bond acceptor[4] and X-bonded networks were produced in mixtures 
containing IFB molecules but with chloride as the X-bond acceptor in place of 
DABCO (as illustrated in Figure 6.1.1 (c)). In these systems, the ammonium cation 
                                                 
a While well documented in the literature, this reaction is not widely appreciated by the broader 
chemistry community. Many procedures involve the use of tertiary amines in DCM, particularly the 
widely used combination of TEA/DCM as an eluent for column chromatography. 
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did not directly participate in X-bonding but rather was included within the X-bond 
network lattice to balance charge. 
 
Figure 6.1.11 (a) The Menshutkin reaction between a tertiary amine and DCM gives a 
quaternary ammonium cation and the chloride anion as products. (b) The Menshutkin 
reaction between DABCO and DCM under ambient conditions results in formation of a 
quaternary ammonium monocation (DABCO-CH2Cl+) and chloride. (c) When carried out in 
the presence of IFB, X-bond networks were formed wherein chloride ions act as X-bond 
acceptors that encapsulate ammonium cations. 
 
6.2 Crystal structures involving the in situ production of chloride 
ions via the Menshutkin reaction of DCM with DABCO 
 
This section includes structural details for each of the co-crystal structures obtained 
through the Menshutkin reaction of amines with halogenated solvents to produce 
halide ion X-bond acceptors. Discussions and comparisons of these structures are 
provided in a later section (Section 6.5). Unless otherwise stated, all of the 
compounds reported herein have been obtained in a high degree of purity. Relevant 
characterisation details (including elemental microanalysis and powder XRD) as well 
as further description of the synthesis of each compound are provided in Section 4.1. 
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6.2.1 DABCO-CH2Cl[(1,2-DITFB)(Cl–)] 
 
 
 
It was expected that the dissolution of DABCO and 1,2-DITFB in a 1:1 ratio in DCM 
would result in crystallisation as the level of solvent reduced due to evaporation. 
However, colourless crystals formed prior to the evaporation of DCM. SCXRD 
analysis determined that the insoluble material was an adduct of 1,2-DITFB and the 
products formed by the Menshutkin reaction of DABCO with DCM, namely 
DABCO-CH2Cl[(1,2-DITFB)(Cl–)]. The adduct was obtained in high yield (85%) 
(see Section 4.1.1.1.2 for further details regarding synthesis and characterisation of 
DABCO-CH2Cl[(1,2-DITFB)(Cl–)]).  
The chloride anion acts as a linear ditopic X-bond acceptor linking 1,2-DITFB 
molecules. Both iodine atoms of the 1,2-DITFB form X-bonds to chloride ions as 
shown in Figure 6.2.1.1. The combination of a linear ditopic X-bond acceptor (in this 
case chloride) with 1,2-DITFB produced 1D zig-zag chains propagating with ca. 60° 
vertices due to the ortho- disposition of the iodine atoms of 1,2-DITFB.  
 
I I
F
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FClN
N
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Figure 6.2.1.12 In DABCO-CH2Cl[(1,2-DITFB)(Cl–)], chloride acts as a linear ditopic 
X-bond acceptor linking 1,2-DITFB molecules into 1D zig-zag chains that propagate with 
60° vertices. X-bond details I1⋅⋅⋅Cl1 3.22 Å, C−I1⋅⋅⋅Cl1 173.8°,  I4⋅⋅⋅Cl1 3.08 Å, C−I4⋅⋅⋅Cl1 
176.1°,  I1⋅⋅⋅Cl1⋅⋅⋅I4 165.1°,  I2⋅⋅⋅Cl2 3.11 Å, C−I2⋅⋅⋅Cl2 172.1°,  I3⋅⋅⋅Cl2 3.06 Å, C−I3⋅⋅⋅Cl2 
174.8°,  I2⋅⋅⋅Cl2⋅⋅⋅I3 167.7°. 
 
Adjacent chains overlap forming π-interactions between 1,2-DITFB molecules 
(denoted by a red square in Figure 6.2.1.2 (a)). This arrangement produces a rhombic 
cavity between the chains (black rhombus in Figure 6.2.1.2 (b)). The π-stacking 
propagates parallel to the c axis producing rhombic channels, which are occupied by 
[DABCO-CH2Cl]+ cations (blue square in Figure 6.2.1.2 (a)). The cations no doubt 
play an important role in lattice stabilisation due to strong ionic interactions with the 
chloride ions, however they are not directly involved in X-bonding despite the 
remaining presence of one Lewis basic nitrogen atom on the cation. 13C-NMR 
and 1H-NMR spectra of single co-crystals were used to confirm the formation of the 
chloromethyl quaternary ammonium cation in situ in this and in subsequent 
structures. The NMR spectra of the co-crystals are simple superpositions of the 
spectra of the individual building blocks, which is consistent with the complete 
dissociation of the single crystals in solution and the absence of appreciable 
interaction between the components under these conditions. 
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Figure 6.2.1.23(a) Adjacent zig-zag chains in DABCO-CH2Cl[(1,2-DITFB)(Cl–)] overlap 
via π-interactions (red square) creating space for the DABCO-CH2Cl+ cations (blue square). 
(b) The X-bonded architecture combined with π-interactions results in formation of rhombic 
channels (black rhombus) in the crystal that run parallel to the crystallographic c axis that are 
occupied by the cations. 
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6.2.2 DABCO-CH2Cl[(1,4-DITFB)(Cl–)] 
 
In light of the somewhat unexpected result obtained from the co-crystallisation of 
1,2-DITFB with DABCO in DCM, it became of interest to crystallise DABCO with 
well-known donor 1,4-DITFB under similar conditions. Initial attempts to crystallise 
1,4-DITFB with DABCO in neat DCM were frustrated by rapid precipitation of a 
fine crystalline product of insufficient quality SCXRD analysis. Powder XRD 
suggested that this powder was in a different phase to the known co-crystalline phase 
[(1,4-DITFB)DABCO], originally grown from a mixture of acetone and 
acetonitrile.[5] Given that the mechanism for the Menshutkin reaction is nucleophilic 
substitution, it is intuitive that CHCl3 should be more reactive than DCM. However, 
kinetic studies conducted by Gainza et al. indicated that at ambient temperatures and 
pressures CHCl3 is essentially unreactive towards tertiary amines.[6] Gainza and 
co-workers concluded that this is presumably due to steric interference resulting from 
the presence of the additional chlorine  atom on CHCl3. CHCl3 therefore appeared to 
be an ideal solvent with which to dilute the DCM in order to slow the reaction and 
hence co-crystallisation, thereby increasing the size and quality of crystalline matter 
produced. Crystals of DABCO-CH2Cl[(1,4-DITFB)(Cl–)] were obtained from a 
mixture of 1,4-DITFB and DABCO (in a 1:1 molar ratio) dissolved in a 50:50 
mixture of DCM and CHCl3. As was expected, dilution of the DCM with CHCl3 
resulted in slower crystallisation (48 hours) and produced crystals of sufficient 
quality for X-ray structure determination in reasonable yield (59%) (refer to Section 
4.1.3.1.1 for synthesis and characterisation details).  
 
In crystals of DABCO-CH2Cl[(1,4-DITFB)(Cl–)], both iodine atoms of 1,4-DITFB 
X-bond with linear ditopic chloride ions to form similar linear 1D chains as those 
found in co-crystals of 1,4-DITFB and DABCO (Figure 6.2.2.1).  
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Figure 6.2.2.14 In crystals of DABCO-CH2Cl[(1,4-DITFB)(Cl–)], 1,4-DITFB and chloride 
ions are linked via X-bonds into 1D linear chains (a), similar to those observed in the crystal 
structure of [(1,4-DITFB)DABCO] [ISIHUN01] (b). X-bond details: I1⋅⋅⋅Cl1 3.06 Å, 
C−I1⋅⋅⋅Cl1 177.5°; I2⋅⋅⋅Cl1 3.15 Å, C−I2⋅⋅⋅Cl1 174.3°. 
 
Linear chains π-stack through constituent 1,4-DITFB molecules to form 2D 
supramolecular sheets (Figure 6.2.2.2 (a)). The π-stacking motif is such that iodine 
atoms are located close to one another (Figure 6.2.2.2 (b)). Steric repulsion appears 
to force the iodine atoms out of the plane of the ring by ca. 5° (Figure 6.2.2.2 (c)).  
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Figure 6.2.2.25(a) A 2D supramolecular sheet formed through the combination of π-stacking 
(red rectangle) and X-bonds. Steric repulsion forces aligned iodine atoms out of plane of the 
ring to which they are attached (b and c). 
 
DABCO-CH2Cl+ cations reside between π-stacked chains, and are not involved in 
X-bonding interactions. The resulting arrangement is such that the crystal is made up 
of alternating “slices” of cations and π-stacking 1,4-DITFB/Cl− X-bond chains 
(Figure 6.2.2.3).  
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Figure 6.2.2.36Crystals of [DABCO-CH2Cl[(1,4-DITFB)(Cl–)] are made up of slices of 
π-stacking 1,4-DITFB/Cl− X-bond chains (red rectangle) and DABCO-CH2Cl+ cations 
(shown in black, blue rectangles). 
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6.2.3 (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4] 
 
When 1,3-DITFB and DABCO were mixed in neat DCM, a fine, white powder 
formed almost instantaneously. This powder was believed to be a complex involving 
1,3-DITFB and Menshutkin reaction products, as was the case when 1,4-DITFB and 
DABCO were mixed in neat DCM. Dilution of the solvent with CHCl3 was expected 
to slow the reaction of DABCO with DCM and hence precipitation of crystals, thus 
improving crystal quality, as had been observed during the synthesis of crystals of 
DABCO-CH2Cl[(1,4-DITFB)(Cl–)]. However, rather than an adduct involving the 
Menshutkin reaction products, crystals of [(1,3-DITFB)2DABCO] were obtained 
(Section 5.3.3). This was quite unexpected, as both 1,3-DITFB and DABCO are 
highly soluble in DCM and CHCl3. This result suggested that the solubility of the 1:1 
complex of 1,3-DITFB and DABCO in the DCM/CHCl3 solvent mixture was much 
lower than that of either of the constituent components, and precipitated out of 
solution before the reaction of DABCO with (the now diluted) DCM could take place 
to the extent required for the precipitation of an adduct of 1,3-DITFB and 
[DABCO-CH2Cl]Cl. In order to slow the formation of crystals from neat DCM, the 
experiment was repeated with the reagents present in lower concentrations. This 
produced a crop of hygroscopic crystals over the period of several hours. Rapid 
transfer of a crystal from the mother liquor into an oil and subsequently into a stream 
of gaseous nitrogen at 173K allowed for SCXRD analysis, which revealed the 
identity of the crystals to be (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4]. Due to the 
unstable, hygroscopic nature of the crystals, PXRD and elemental analysis were not 
collected for this compound. 
 
In crystals of (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4], ditopic 1,3-DITFB is 
X-bonded to a mixture of ditopic and monotopic chloride ions to form discrete 
7-component zig-zag X-bonded complexes with 2-fold symmetry as shown in Figure 
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6.2.3.1. Ditopic chloride ions act as linear linkers between molecules of 1,3-DITFB 
to form the zig-zag motif with vertices of ca. 120°. Chloride ions at either end of this 
motif are monotopic and hence do not further propagate the X-bond chain. 
 
Figure 6.2.3.17A 7 component -bonded zig-zag complex. The complex has 2-fold symmetry. 
Cl1 is monotopic, preventing infinite propagation of the zig-zag motif. X-bond details: 
I1⋅⋅⋅Cl1 3.07 Å, C−I1⋅⋅⋅Cl1 176.4°; I2⋅⋅⋅Cl2 3.12 Å, C−I2⋅⋅⋅Cl2 177.0°; I3⋅⋅⋅Cl2 3.15 Å, 
C−I3⋅⋅⋅Cl2 176.2°. 
 
Three adjacent complexes overlap to form π-interactions between 1,3-DITFB 
molecules in a method complementary to the overlap of 1D zig-zag chains observed 
in the crystal structure of DABCO-CH2Cl[(1,2-DITFB)(Cl–)] (red square in Figure 
6.2.3.2 (a)). The overlap of X-bonded complexes is offset every three layers, such 
that discrete rhombic cavities are formed (Figure 6.2.3.2 (b)). DABCO-CH2Cl+ 
cations reside in the rhombic cavities produced. 
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Figure 6.2.3.28(a) X-bonded zig-zag complexes overlap to form π-interactions in a method 
complementary to that observed in the structure of DABCO-CH2Cl[(1,2-DITFB)(Cl–)]. (b) 
The overlap of complexes is offset every three layers, leading to the formation of discrete 
rhombic cavities which are occupied by DABCO-CH2Cl+ cations. 
(a) 
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6.2.4 (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 
 
From previous results, it was expected that reaction between DABCO and DCM in 
the presence of 1,3,5-TITFB would yield co-crystals comprised of 
[DABCO-CH2Cl]Cl and 1,3,5-TITFB. In each of the structures 
DABCO-CH2Cl[(1,2-DITFB)(Cl–)], DABCO-CH2Cl[(1,4-DITFB)(Cl–)] and 
(DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4], chloride ions typically showed ditopic 
X-bond acceptor behaviour. If all three 1,3,5-TITFB iodine atoms were to form 
X-bonds and chloride  ions were to act as ditopic X-bond acceptors, the reagents 
would need to be present in a 2:3 ratio. Accordingly, 1,3,5-TITFB and DABCO were 
combined in a 2:3 ratio in DCM, which resulted in the immediate precipitation of a 
white powder. The DCM was diluted with CHCl3 for reasons previously stated 
(Section 6.2.2). Over 18 hours, a sample of colourless crystals of 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 was obtained. These crystals were 
found to lose CHCl3 from the structure on removal from the mother liquor as 
indicated by the absence of a significant peak for the CHCl3 proton in the 1H NMR 
spectrum and absence of the expected CHCl3 carbon atom peak in the 13C NMR 
spectrum. In this process the crystals would also lose crystallinity. Consequently a 
powder pattern was not recorded for this sample. However, in an attempt to confirm 
structural purity of the sample, single crystal X-ray data sufficient for unit cell 
determination were collected for 20 individual crystals. In each case, the unit cell 
dimensions and Bravais lattice type of 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 were confirmed indicating a high 
degree of structural purity for this batch of co-crystals. Elemental microanalysis 
results match within accepted values for the structure solvated with CHCl3. The 
sample analysed was removed from the mother liquor and placed directly in a small 
sealed vial prior to analysis which appeared to slow the loss of solvent thus providing 
reasonable elemental analysis results. Refer to Section 4.1.4.1.2 for details regarding 
ClN
N
Cl
[DABCO-CH2Cl]Cl 1,3,5-TITFB 
F
I
F
I
F
I
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the characterisation of this compound including relevant NMR spectra and elemental 
microanalysis results. 
 
In crystals of (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 the chloride ions 
form ditopic linear X-bond bridges between 1,3,5-TITFB molecules as anticipated. 
Each iodine atom of the 1,3,5-TITFB is involved in one X-bond with the result being 
formation of a 2D X-bonded honeycomb network (Figure 6.2.4.1). Three such 2D 
networks interpenetrate as illustrated in Figure 6.2.4.2 (a). The triply interpenetrated 
nets are arranged such that there are pairwise π-stacking interactions between TITFB 
molecules creating cavities that are occupied by the cations (black triangle in Figure 
6.2.4.2 (b)) while CHCl3 molecules reside in the space between the layers.  
 
Figure 6.2.4.19In (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 the TITFB molecules 
are tritopic nodes linked by chloride ions with ditopic linear topology to create a 
pseudo-trigonal 2D honeycomb network. X-bond details: I1⋅⋅⋅Cl1 3.09 Å, C−I1⋅⋅⋅Cl1 179.2°; 
I2⋅⋅⋅Cl1 3.18 Å, C−I2⋅⋅⋅Cl1 168.3°; I3⋅⋅⋅Cl3 3.06 Å, C−I3⋅⋅⋅Cl3 179.7°; I4⋅⋅⋅Cl2 3.08 Å, 
C−I4⋅⋅⋅Cl2 177.5°; I5⋅⋅⋅Cl2 3.06 Å, C−I5⋅⋅⋅Cl2 175.2°; I6⋅⋅⋅Cl3 3.14 Å, C−I6⋅⋅⋅Cl3 173.2°. 
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Figure 6.2.4.210 (a) In the structure of (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3, 
three 2D pseudo-trigonal networks (shown in black, green and red) interpenetrate to create a 
supramolecular “tri-net” layer. (b) The cavities between the individual 2D-nets (black 
triangle) are occupied by DABCO-CH2Cl+ cations and the spaces between the “tri-net” 
layers are occupied by CHCl3 molecules. The overall lattice has pseudo-hexagonal 
appearance as illustrated in blue shading. 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
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6.3 Further development of the Menshutkin reaction method for 
the production of X-bonded co-crystals 
 
The use of the Menshutkin reaction to generate chloride ions from DCM was found 
to be a convenient method for growing X-boned co-crystals. The in situ generation of 
one of the X-bonding components, namely the chloride ion, facilitated relatively 
slow crystallisation from a non-evaporating solvent thus producing high quality 
single crystals while minimising simultaneous crystallisation of the pure reagents, 
which is a common problem when attempting to produce co-crystals from 
evaporating solvent. This methodology was expanded in two ways.  
 
6.3.1 Variation of amine 
 
First, the methodology was expanded through the incorporation of a different tertiary 
amine, thus determining the viability of this methodology for the preparation of a 
wider variety of co-crystals. This was particularly important as the ability to alter the 
cation would provide a further tool for engineering crystals of these materials. To 
this end, triethylamine (TEA) was co-crystallised with each of the four IFBs 
(1,2-DITFB, 1,3-DITFB, 1,4-DITFB, 1,3,5-TITFB) from DCM solutions.  
 
6.3.2 Variation of haloalkane solvent 
 
Second, like DCM, dibromomethane (DBM) is known to participate in Menshutkin 
reactions.[1b, 2a] The reaction between a tertiary amine and DBM results in the 
formation of a brominated ammonium cation and bromide ions (Figure 6.3.2.1 (a)). 
Bromine atoms are larger than chlorine atoms, so it was anticipated that the 
substitution of the latter for the former could have several impacts on crystal 
structure. X-bond networks containing brominated quaternary ammonium cations 
would require larger cavities than those formed around chlorinated cations (Figure 
6.3.2.1 (b)). Br−···I X-bonds are typically longer than Cl−···I X-bonds (see Section 
6.1.1) and therefore could lead to different X-bond topologies (Figure 6.3.2.1 (c)). As 
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bromine atoms are more polarisable than chlorine atoms, the brominated quaternary 
ammonium cations are more likely to directly participate in X-bonding as donors 
than the chlorinated analogues (Figure 6.3.2.1 (d)). An investigation into whether the 
methodology could be expanded to incorporate the use of DBM as a reagent and 
whether this would lead to different X-bond topologies was carried out using TEA as 
the tertiary amine reaction component.  
 
 
Figure 6.3.2.111 (a) Tertiary amines are known to react with DBM to yield brominated 
quaternary ammonium cations and bromide ions. The substitution of chlorine for bromine 
would result in (b) larger cations, (c) longer X-bonds and (d) more polarisable halogen on 
cations. *Values gathered through statistical survey of the CSD (see Section 6.1.1). 
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6.4 Crystal structures involving the in situ production of halide 
ions via the Menshutkin reaction of DCM or DBM with TEA 
6.4.1 (TEA-CH2Cl)3[(1,2-DITFB)2(Cl–)3]⋅4H2O, 
TEA-CH2Cl[(1,2-DITFB)(Cl–)], TEA-CH2Cl[(1,2-DITFB)2(Cl−)] 
 
1,2-DITFB and TEA were dissolved in a 1:1 ratio in a sealed solution of DCM. Over 
a period of 5 days, a batch of colourless crystals of a similar size and habit 
(morphology) formed. SCXRD analysis of a representative crystal afforded the 
structure of the X-bond adduct (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O, where 
TEA-CH2Cl+ ((chloromethyl)triethylammonium) is the cationic component of the 
product of the Menshutkin reaction of TEA with DCM (Figure 6.4.1.1).  
 
Figure 6.4.1.112The Menshutkin reaction between TEA and DCM yields 
(chloromethyl)triethylammoniumchloride ([TEA-CH2Cl]Cl). A similar reaction takes place 
if DBM is substituted for DCM. 
 
In the structure of (TEA-CH2Cl)3[(1,2-DITFB)2(Cl–)3]⋅4H2O the 1,2-DITFB 
molecules are arranged in what look like zig-zag chains in the ac plane linked by a 
combination of Cl−⋅⋅⋅I X-bonds as well as H2O⋅⋅⋅HOH and HOH⋅⋅⋅Cl− H-bonds as 
shown in Figure 6.4.1.2. One of the chloride ions directly bridges two DITFB 
molecules through C−I⋅⋅⋅Cl⋅⋅⋅I−C X-bond interactions. The other chloride ion is the 
acceptor in an X-bond with an iodine atom of DITFB and the accepter of two H-bond 
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interactions to water molecules. Each of these water molecules participates in 
H-bonding to two other water molecules which are themselves involved in H-bonds 
to chloride ions which in turn X-bond to another 1,2-DITFB iodine atom.  Adjacent 
zig-zag chains overlap through π-stacking of the 1,2-DITFB molecules (red square) 
creating channels in the crystal occupied by the cations (black polygon, Figure 
6.4.1.3 (a)). The combination of π-stacking, and mixed H-bond and X-bond 
connectivity between DITFB, water and chloride is illustrated in Figure 6.4.1.3 (b). 
The X-bond/H-bond network propagates with 1D connectivity in the b direction and 
as such connects the zig-zag chains of DITFB to make an overall network with 2D 
supramolecular connectivity. Adjacent 2D sheets interdigitate in a zipper-like fashion 
through the π-stacking of 1,2-DITFB molecules from contiguous sheets.  
 
Figure 6.4.1.213 In (TEA-CH2Cl)3[(1,2-DITFB)2(Cl–)3]⋅4H2O the 1,2-DITFB molecules 
are connected into zig-zag chains via two different motifs. There is a direct ditopic linear 
I⋅⋅⋅Cl⋅⋅⋅I X-bond link through Cl1. The second chloride ion (Cl2) is a tritopic linker forming 
one X-bond (to I2) and two H-bonds to water molecules (associated with O1 and O2). 
H-bonding between water molecules around a 21 screw axis connects water and chloride 
ions in an infinite 1D chain that propagates in the b direction with 21 crystallographic 
symmetry (shown in detail in Figure 6.4.1.3 (b)). X-bond details: I1⋅⋅⋅Cl1 3.11 Å, C−I1⋅⋅⋅Cl1 
177.6°, I1⋅⋅⋅Cl1⋅⋅⋅I1 170.5°, I2⋅⋅⋅Cl2 3.22 Å, C−I2⋅⋅⋅Cl2 173.8°. 
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Figure 6.4.1.314 (a) Adjacent zig-zag chains of 1,2-DITFB molecules in 
(TEA-CH2Cl)3[(1,2-DITFB)2(Cl–)3]⋅4H2O overlap through π-interactions (red square) with 
cations occupying the space in between (black polygon). (b) Transverse view of the 
π-stacked DITFB molecules also highlights the contiguous connectivity of the H/X-bond 
network between I2 of 1,2-DITFB, chloride Cl2 and water molecules O1 and O2 which 
propagates with 21 symmetry in the b direction. H-bond details: O1⋅⋅⋅Cl2 3.17 Å, O2⋅⋅⋅Cl2 
3.20 Å, O⋅⋅⋅O distances for H-bonds 2.75 Å (with O1 donor) and 2.79 Å (with O2 donor). 
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The PXRD pattern collected for this sample displayed peaks in addition to those in 
the pattern simulated from the SCXRD data for 
(TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O. As discussed in Section 5.1.1.2, 
X-bonding affects the strength of the C-I bond, and in turn the position of the C-I 
symmetric stretching band. Eight individual crystals were examined by Raman 
spectroscopy with one displaying a shifted C-I symmetric stretching band (222 cm−1 
instead of 226 cm−1). This shift in wavenumber suggested that the X-bonding 
interactions in this crystal differed from those found in the other seven crystals. With 
the aid of SCXRD, this crystal was found to be an anhydrous crystalline form of the 
previously described compound, namely TEA-CH2Cl[(1,2-DITFB)(Cl–)].b 
 
Crystals of TEA-CH2Cl[(1,2-DITFB)(Cl–)] are essentially isostructural with crystals 
of DABCO-CH2Cl[(1,2-DITFB)(Cl–)] (section 6.2.1). Slight differences can be 
attributed to differences in cation size. The zig-zag motif formed involving 
1,2-DITFB and chloride ions is shown in Figure 6.4.1.4 (a), and an overview of the 
crystal lattice highlighting rhombic channels filled with cations is provided Figure 
6.4.1.4 (b). TEA-CH2Cl+ cations are disordered over two positions around the central 
nitrogen atom.  
                                                 
b See Appendices D10 and D11 for the Raman spectra of (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O 
and TEA-CH2Cl[(1,2-DITFB)(Cl–)] respectively. 
Chapter 6 
172 
 
 
Figure 6.4.1.415(a) In the structure TEA-CH2Cl[(1,2-DITFB)(Cl–)], 1,2-DITFB molecules 
are connected by X-bonds with linear ditopic chloride ions to form zig-zag chains. (b) The 
π-stacking of X-bond chains generates rhombic channels (black rhombus) in which 
TEA-CH2Cl+ cations reside. X-bond details: I1⋅⋅⋅Cl2 3.09 Å, C−I1⋅⋅⋅Cl2 170.2°; I2⋅⋅⋅Cl1 3.16 
Å, C−I2⋅⋅⋅Cl1 169.4°. 
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In an attempt to obtain a phase pure sample of TEA-CH2Cl[(1,2-DITFB)(Cl–)], the 
experiment was repeated with the use of freshly distilled (dried) DCM and TEA in an 
attempt to reduce the amount of water available for solvation. The altered 
experimental conditions instead resulted in the formation of a third unique crystalline 
phase.c The structure of this compound was determined using SCXRD to be that of 
X-bonded complex TEA-CH2Cl[(1,2-DITFB)2(Cl–)]. Elemental analysis was not 
collected for this compound; however PXRD indicated that the crop of crystals 
produced was phase pure. 
 
In crystals of TEA-CH2Cl[(1,2-DITFB)2(Cl–)], 1,2-DITFB molecules link tetratopic 
square-planar chloride ions into double zig-zag tapes as illustrated in Figure 6.4.1.5. 
This connectivity highlights the versatility of chloride ions as X-bond acceptors. 
 
 
Figure 6.4.1.516Tetratopic chloride ions link 1,2-DITFB molecules into double zig-zag 
tapes in the structure of TEA-CH2Cl[(1,2-DITFB)2(Cl–)]. X-bond details: I1⋅⋅⋅Cl1 3.18 Å, 
C−I1⋅⋅⋅Cl1 174.1°; I2⋅⋅⋅Cl1 3.30 Å, C−I2⋅⋅⋅Cl1 178.3°; I3⋅⋅⋅Cl1 3.25 Å, C−I3⋅⋅⋅Cl1 171.5°; 
I4⋅⋅⋅Cl1 3.24 Å, C−I4⋅⋅⋅Cl1 176.1°. 
 
Adjacent tapes tessellate (Figure 6.4.1.6 (a)) forming rhombic channels that 
propagate parallel to the a-axis (black rhombus in Figure 6.4.1.6 (b)). These rhombic 
channels house TEA-CH2Cl+ cations. The cations are disordered over two equally 
populated sites around the nitrogen atom.  
                                                 
c As a phase pure sample of TEA-CH2Cl[(1,2-DITFB)(Cl–)] was not obtained, powder XRD and 
elemental microanalysis data were not be collected for this compound. 
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Figure 6.4.1.617(a) In crystals of TEA-CH2Cl[(1,2-DITFB)2(Cl–)], adjacent 1D tapes 
tessellate. (b) This packing results in the formation of rhombic channels (black rhombus) that 
propagate parallel to the b-axis which house cations. 
 
1,2-DITFB molecules of neighbouring tapes overlap to form π-stacking interactions 
(Figure 6.4.1.7 (a)). These interactions exist between rhombic channels, and hence 
“slices” of fluoroaromatic groups are present in crystals of 
TEA-CH2Cl[(1,2-DITFB)2(Cl–)] (Figure 6.4.1.7 (b)).  
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Figure 6.4.1.718In TEA-CH2Cl[(1,2-DITFB)2(Cl–)], 1D tapes overlap to form π-interactions 
between 1,2-DITFB molecules (a) resulting in the presence slices of fluoroaromatic (red 
rectangle) and iodine/cation substituents (blue rectangle) (b).  
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6.4.2 (TEA-CH2Br)3[(1,2-DITFB)2(Br–)3] 
 
1,2-DITFB and TEA were dissolved in a 1:1 ratio in a sealed vessel of DBM. 
Colourless crystals formed over a period of around 36 hours which were found to be 
(TEA-CH2Br)3[(1,2-DITFB)2(Br–)3], an adduct of 1,2-DTIFB and the product of the 
Menshutkin reaction between TEA and DBM.  
 
The crystal structure of (TEA-CH2Br)3[(1,2-DITFB)2(Br–)3] features molecules 
arranged into discrete 8-component X-bonded complexes. Ditopic 1,2-DITFB 
molecules X-bond to bromide  ions in a manner conducive to supramolecular 3+3 
triangles (blue shading in Figure 6.4.2.1). Formation of full triangles is prevented by 
the X-bonding between two of the bromide ions (acceptors) with bromine atoms 
possessed by TEA-CH2Br+ cations (donors). TEA-CH2Br+ are monotopic and hence 
the supramolecular complex is limited to 8 molecules. The cation possessing 
bromine atom Br6 is disordered over two positions, with the position where it forms 
an X-bond with bromide ion Br3 being populated 75% of the time. The 8-component 
X-bonded complex is shown in Figure 6.4.2.1.  
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Figure 6.4.2.119An 8-component supramolecular complex as found in the crystal structure 
of (TEA-CH2Br)3[(1,2-DITFB)2(Br–)3]. The complex is conducive to supramolecular 3+3 
triangles (blue shading). X-bond details: I1⋅⋅⋅Br3 3.30 Å, C−I1⋅⋅⋅Br3 174.4°; I2⋅⋅⋅Br2 3.21 Å, 
C−I2⋅⋅⋅Br2 176.8°; I3⋅⋅⋅Br1 3.24 Å, C−I3⋅⋅⋅Br1 174.8°; I4⋅⋅⋅Br2 3.25 Å, C−I4⋅⋅⋅Br2 177.5°; 
Br4⋅⋅⋅Br1 3.37 Å, C−Br4⋅⋅⋅Br1 175.2°; Br5⋅⋅⋅Br1 3.48 Å, C−Br5⋅⋅⋅Br1 171.6°. Refinement of 
the disordered cation was problematic. For this reason the Br6⋅⋅⋅Br3 X-bond geometric 
parameters were unreliable and hence are not listed. 
 
π-Stacking interactions form between molecules of 1,2-DITFB of neighbouring 
8-component complexes (black rectangle in Figure 6.4.2.2 (a)). Adjacent complexes 
are oriented such that the TEA-CH2Br+ substituents are projected in opposite 
directions. This results in slices of 1,2-DITFB and cations that alternate along the 
c-axis (red and blue rectangles respectively in Figure 6.4.2.2 (b)). 
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Figure 6.4.2.220 (a) π-Stacking interactions between X-bond complexes extend down the 
a-axis (black square). (b) Slices of iodofluorobenzenes (red rectangle) and cations (blue 
rectangle) alternate along the c-axis. 
 
The bromine atom of the TEA-CH2Br+ cation is polarised due to the electron 
deficiency of the central nitrogen atom and hence possesses significant potential to 
act as an X-bond donor. As bromine atoms are more polarisable than chlorine atoms 
it is expected that this effect is more pronounced in TEA-CH2Br+ cations than in 
TEA-CH2Cl+ cations.  
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6.4.3 TEA-CH2Cl[(1,3-DITFB)(Cl–)] 
 
Reagents 1,3-DITFB and TEA were mixed in a 1:1 ratio in a sealed vessel of DCM. 
Colourless crystals formed over a period of 2-3 weeks. Single crystal X-ray analysis 
revealed the crystals to be the 1:1 X-bonded complex 
TEA-CH2Cl[(1,3-DITFB)(Cl−)]. 
 
The topology of X-bonding in crystals of TEA-CH2Cl[(1,3-DITFB)(Cl–)] is similar 
to that of (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4] (Section 6.2.3). 1,3-DITFB 
molecules X-bond with ditopic chloride  ions in a zig-zag motif with vertices of 
120°. Overlap of adjacent X-bond chains facilitates the formation of π-interactions 
between molecules of 1,3-DITFB to form rhombic cavities, as has been previously 
observed in several similar structures (red square in Figure 6.4.3.1 (b)). Expansion of 
the π-stacking motif parallel to the a-axis extends these cavities into channels that 
run through the crystals and house the cations (black rhombus in Figure 6.4.3.1 (b)).  
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Figure 6.4.3.121Zig-zag X-bond chains π-stack (red square) to form rhombic channels 
characteristic to this class of compounds. TEA-CH2Cl+ cations occupy the rhombic channels 
(black rhombus). X-bond details: I2⋅⋅⋅Cl2 3.15 Å, C−I2⋅⋅⋅Cl2 172.7°; I1⋅⋅⋅Cl2 3.08 Å, 
C−I1⋅⋅⋅Cl2 176.0°.  
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6.4.4 TEA-CH2Br[(1,3-DITFB)(Br–)] 
 
 
1,3-DITFB and TEA were combined in a sealed vessel of DBM in a 1:1 ratio. 
Crystals formed over a period of around 24 hours which were identified using single 
crystal X-ray analysis to be TEA-CH2Br[(1,3-DITFB)(Br–)]. Crystals of 
TEA-CH2Br[(1,3-DITFB)(Br–)] are isostructural with crystals of 
TEA-CH2Cl[(1,3-DITFB) (Cl–)]. 
 
6.4.5 TEA-CH2Cl[(1,4-DITFB)(Cl–)] 
 
Crystals of TEA-CH2Cl[(1,4-DITFB)(Cl–)] were grown in a sealed vessel containing 
1,4-DITFB and TEA dissolved in DCM in a 1:1 ratio over a period of 2 to 3 weeks.  
1,4-DITFB molecules are linked by linear ditopic chloride  ions through X-bonding 
to form 1D chains that are similar to those encountered in the structure of 
DABCO-CH2Cl[(1,4-DITFB)(Cl–)]. As in the [DABCO-CH2Cl]Cl analogue, the 
X-bond chains π-stack through constituent 1,4-DITFB molecules. However, in 
crystals of TEA-CH2Cl[(1,4-DITFB)(Cl–)], the relative orientation of 1D chains 
switches back and forth by ca. 60° from layer to layer along the c-axis (illustrated in 
Figure 6.4.5.1 (a)). This results in the generation of rhombic channels characteristic 
of this series of compounds (black rhombus in Figure 6.4.5.1 (b)). As before, these 
channels are occupied by TEA-CH2Cl+ cations. 
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Figure 6.4.5.122(a) In crystals of TEA-CH2Cl[(1,4-DITFB)(Cl–)], 1,4-DITFB molecules 
and chloride  ions are arranged in linear 1D X-bond chains. Chains π-stack through 
1,4-DITFB molecules (red square). Adjacent layers switch orientation back and forth by ca. 
60° from layer to layer along the c-axis. (b) The relative orientation of X-bond chains 
generates rhombic channels which are occupied by TEA-CH2Cl+ ions (black rhombus). 
X-bond details: I1⋅⋅⋅Cl1 3.01 Å, C−I1⋅⋅⋅Cl1 174.3°; I2⋅⋅⋅Cl1 3.07 Å, C−I2⋅⋅⋅Cl1 177.5°. 
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6.4.6 TEA-CH2Br[(1,4-DITFB)(Br–)] 
 
Crystals with the formula TEA-CH2Br[(1,4-DITFB)(Br–)] were grown through the 
Menshutkin reaction of TEA with DBM in the presence of 1,4-DITFB in a 1:1 
TEA:DITFB ratio. These crystals proved to be isostructural with crystals of 
TEA-CH2Cl[(1,4-DITFB)(Cl–)]. 
 
6.4.7 TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] 
 
When TEA reacted with DCM in the presence of 1,3,5-TITFB, crystals with formula 
TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] were produced.  
In these crystals, the TITFB molecule has crystallographic 3-fold symmetry and the 
iodine atoms are involved in X-bonds to chloride. Unlike the majority of previously 
described structures of this type however, the chloride ion is tritopic, simultaneously 
acting as the X-bond acceptor in three C−I⋅⋅⋅Cl− X-bonds to make 2D nets with 
trigonal symmetry and 6,3 topology with chloride ions and TITFB molecules 
alternating as connecting nodes in the network (Figure 6.4.7.1). The cations are 
completely enclosed in cavities between contiguous 2D trigonal X-bond nets of 
1,3,5-TITFB and chloride (Figure 6.4.7.2 (a)). This crystal structure is isostructural 
with a range of related structures with the general formula 
(Cation+)[(1,3,5-TITFB)I−] (where cation = NEt4+, NPr4+, PEt4+ and SMe3+).[7] This 
lattice therefore appears robust enough to resist disruption resulting from small 
changes in the size of the cation. Given the similarity of the Menshutkin product of 
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TEA and DCM ([(TEA-CH2Cl)Cl]) and the alkyl ammonium and phosphonium 
iodides ((NEt4)I and (PEt4)I) it is not surprising that the same overall structure 
(illustrated in Figure 6.4.7.2 (b)) forms for this suite of co-crystals. 
 
Figure 6.4.7.123(a) The structure of TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] has trigonal 
crystallographic symmetry. The 1,3,5-TITFB molecules occupy 3-fold special positions. The 
chloride ions provide tritopic X-bond links to the trigonal 1,3,5-TITFB nodes creating 2D 
nets propagating in the ab plane. (b) Contiguous nets stack through π-interactions between 
TITFB molecules and are rotated 60° around the c axis. X-bond details: I1⋅⋅⋅Cl1 3.24 Å, 
C−I1⋅⋅⋅Cl1 173.9°, I2⋅⋅⋅Cl1 3.31 Å, C−I2⋅⋅⋅Cl1 180.0°, I1⋅⋅⋅Cl1⋅⋅⋅I1 121.7°, I1⋅⋅⋅Cl1⋅⋅⋅I2 
119.1°. 
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Figure 6.4.7.224(a) The combination of π-stacking of layers with rotation of alternate layers 
in TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] (illustrated in Figure 6.4.7.1) produces cavities in the 
crystal that are occupied by the TEA-CH2Cl cations. (b) The crystal structure viewed down 
the c axis shows the resulting 3-fold symmetry of the lattice. Hydrogen atoms are omitted for 
clarity. 
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6.4.8 (TEA-CH2Br)3[(1,3,5-TITFB)2(Br–)3]⋅CH2Br2 
 
The Menshutkin reaction between TEA and DBM in the presence of 1,3,5-TITFB 
resulted in the formation of crystals of  (TEA-CH2Br)3[(1,3,5-TITFB)2(Br–)3]⋅ 
CH2Br2. These crystals have a similar structure to those of 
TEA-CH2Cl[(1,3,5-TITFB)(Cl–)]. The prevalent difference is the inclusion of a 
disordered molecule of DBM between π-stacked molecules of 1,3,5-TITFB in this 
structure (Figure 6.4.8.1). The space between 1,3,5-TITFB occupied by DBM occurs 
every three π-stacked TITFB molecules moving along the c-axis. A Br···Br X-bond 
interaction is observed between the cation (donor) and the DBM molecule (acceptor). 
This space is also observed in the related structures mentioned in the description of 
the chlorinated analogue TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] (Section 6.4.7).[7] These 
structures indicate that the larger the cation, the more pronounced the spacing is. The 
cut-off point for how large the cation can be before this spacing is larger enough to 
house solvate molecules therefore lies somewhere between the size of TEA-CH2Cl+ 
and TEA-CH2Br+.  
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Figure 6.4.8.125The structure of (TEA-CH2Br)3[(1,3,5-TITFB)2(Br–)3]⋅CH2Br2 contains a 
solvated DBM molecule in spaces between every third TITFB molecule following the c-axis 
(red squares). Only one of six orientations of this molecule is shown. The DBM carbon atom 
was unable to be located from the electron density map. TEA-CH2Br+ cations are disordered 
over two equally populated positions around the central nitrogen atom. 
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6.5 Discussions and comparisons of structures 
 
6.5.1 Comparison of geometries of X-bonds with previously reported 
X-bonds 
 
In order to compare the geometries of the X-bonds reported in this chapter with those 
previously reported, a statistical survey of the CSD was carried out. The database 
was queried for intermolecular contacts shorter than the sum of the van der Waals (I, 
Br) and Paulings ionic (Cl−, Br−) radii for the three X-bond synthons: Ar-I···Cl−, 
Ar-I···Br− and C-CH2Br···Br− (Ar = Aryl).[8] In the case of Ar-I···Cl−, 40 entries 
were found. Of those, 9 entries were omitted as they involve coulombic 
iodonium-chloride interactions and hence do not reflect “normal” geometries of 
Ar-I···Cl− X-bonds. A scatterplot of X-bond length vs. angle across C-X···B was 
generated from the remaining results (Figure 6.5.1.1). The majority of previously 
reported Ar-I···Cl− X-bonds have bond lengths that fall between 3.0 and 3.4 Å and 
Ar-I···Cl− angles between 165 and 180°. The geometries of the Ar-I···Cl− X-bonds 
reported in this chapter fall within these ranges and are therefore considered as 
normal. The query for Ar-I···Br− resulted in 42 hits, of which 4 hits were excluded 
for the same reason as for the omisions in the Ar-I···Cl− search. There appears to be 
two main groups of X-bond length/angle for Ar-I···Br− X-bonds in the scatterplot of 
these data. One of these lies between 155 and 170° and 3.5 and 3.8 Å, which 
primarily consists of X-bonds formed with non-fluorinated X-bond donors. The other 
group lies between 165 and 180° and displys a shorter bond length range of 3.1 and 
3.4 Å. The majority of these X-bonds involve stronger fluorinated X-bond donors.  It 
appears that the involvement of the stronger fluorinated X-bond donors results in 
shorter X-bond lenghts and angles closer to linearity. All of the Ar-I···Br− X-bonds 
reported herein fall into the latter group and are therefore considered to show 
charcteristic geometries for strong X-bonds of this type. 12 entries were found for 
C-CH2Br···Br− interactions, all of which were included in the analysis. A scatterplot 
of these data indicated that these interactions have been shown to form over angles 
between 165 and 180° with lengths between 3.35 and 3.7 Å. The X-bonds of the 
form C-CH2Br···Br− reported herein lie in this range and are thefore considered 
normal in terms of geometry. 
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Figure 6.5.1.126Statistical surveys of the CSD were conducted to verify the geometries of (a) 
Ar-I···Cl−, (b) Ar-I···Br− and C-CH2Br···Br− X-bond interactions reported in this chapter. 
The geometries of all X-bonds herein were found to be normal. 
 
6.5.2 Halide ion X-bond topologies 
 
As previously stated, co-crystallisation of the various IFBs with neutral X-bond 
acceptors DABCO and HMTA resulted in X-bond motifs in which the IFB 
components were often unsaturated in the supramolecular sense. This tendency for 
unsaturation hinders the ability to predict likely X-bond motifs formed by IFBs and 
hence their viability as tectons in crystal engineering. All of the crystal structures 
described in Chapter 6 however feature systems in which the IFB constituents are 
saturated. The major contributing factor for this is that these structures involve 
negatively charged X-bond acceptors, (namely halides Cl− and Br−), rather than 
neutral acceptors (DABCO, HMTA). As discussed in Section 1.3.4, negative charge 
greatly enhances the ability for a species to act as an X-bond acceptor. It appears that 
when challenged with strong X-bond acceptors such as anions, IFB molecules are 
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likely to be saturated in the solid crystalline state. As saturation enhances the 
predictability of X-bond motif, the use of a strong X-bond acceptor (such as an 
anion) is ideal when using IFBs as the X-bond donor.  
 
In the structures described in this chapter however, what is gained in predictability 
by ensuring saturation of IFB components through the use of halide anions as 
X-bond acceptors is somewhat mitigated by the flexibility of halides as structural 
nodes. Although most reports of X-bond accepting halides claim X-bond 
coordination numbers of 2 and 3, they have been reported to participate in anywhere 
between 1 and 8 X-bonds.[9] A study of the CSD by Metrangolo et al. showed that 
angles across Y-X···B···Xʹ-Yʹ moieties (Y = aromatic group, X = Cl, Br or I, B = 
Cl−, Br− or I−) varied from 180° to just above 60°, with no particular preference.[8] 
The results of this study are plotted in Figure 6.5.2.1 (a) where it can be seen that 
X···B···Xʹ angles (y-axis) are variable. Each square represents an X-bond interaction 
of the form Y-X···B···Xʹ-Yʹ and is coloured according to the halogen species present 
(see Figure 6.5.2.1 caption for details). This flexibility strongly contrasts the 
tendency for linearity associated with X-bonds, as is observable from the scatterplot 
displayed in Figure 6.5.2.1 (b) where Y-X···B bond angles are reported which only 
vary from 150 to 180°. Despite this elevated node flexibility, conclusions made by 
Metrangolo et al. indicate that the X-bond topicity and even node geometry of the 
X-bond donor is often reflected in halide X-bond acceptors. For example, when 
ditopic X-bond donors are crystallised with halide acceptors, it is common that the 
halide will also be ditopic, and potentially exhibit the same X-bond geometry as that 
of the donor. Some examples of crystal structures where this holds true are provided 
in Figure 6.5.2.2.  
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Figure 6.5.2.127Scatterplots of angles across (a) X···B···Xʹ and (b) Y-X···B vs. the 
percentage of shortening of X···B bond length with respect to the sum of the van der Waals 
radius of the donor halogen and the Paulings ionic radius of the accepter halide (shorter X-
bonds have lower percentages) for X-bond interactions documented in the CSD (Y = 
aromatic group, X = Cl, Br or I, B = Cl−, Br− or I−). Each square represents an X-bond 
interaction with the three colours representing (a) donor halogen, halide, donor halogen; and 
(b) halide, donor halogen, carbon (red = iodine, yellow = bromine, green = chlorine, blue = 
carbon). Red bars highlight the differences in bond angle variation. Reproduced image 
sourced from original work of Metrangolo et al.[8]  
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Figure 6.5.2.228The X-bond topicity and geometry of donors is often reflected in halide 
acceptors, such as they are in crystals of (a) bis(2-bromo)imidazoleboronium chloride 
[IKUXER],[10] (b) tris(bis(ethylenedithio)tetraselenafulvalene) 1,4-bis(iodoethynyl)benzene 
chloride[11] [AHULEU] and (c) (-)-sparteine hydrobromide 1,2-dibromohexafluoropropane 
[BOCGAB].[12] Blue arrows represent IFB X-bond donor topology and red arrows represent 
halide X-bond acceptor topology. Cations omitted for clarity. Colour scheme: sky blue = 
boron. 
 
These conclusions made by Metrangolo and co-workers on this also hold true in the 
structures of DABCO-CH2Cl[(1,4-DITFB)(Cl–)] (Section 6.2.3), 
TEA-CH2Cl[(1,4-DITFB)(Cl–)] (Section 6.4.5), TEA-CH2Br[(1,4-DITFB)(Br–)] 
(Section 6.4.6), TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] (Section 6.4.7) and 
(TEA-CH2Br)3[(1,3,5-TITFB)2(Br–)3]⋅CH2Br2 (Section 6.4.8). In the cases of the 
first three listed structures, the linear ditopic node geometry of 1,4-DITFB is 
accurately reflected in the behaviour of the halide ions with the result of infinite 
linear X-bond chains, as illustrated in Figure 6.5.2.3 (a). As the nodal geometry of 
1,4-DITFB matches that of DABCO (linear ditopic), the X-bond topology of these 
chains is strikingly similar to that observed in the structure of (1,4-DITFB)DABCO 
(Figure 6.2.2.1). In the structures of TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] and 
(TEA-CH2Br)3[(1,3,5-TITFB)2(Br–)3]⋅CH2Br2, the halide ions again mimic the 
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X-bond topology of the donor, and in this case act as a trigonal tritopic nodes. The 
resultant X-bond topologies are honeycomb-like 2D X-bond nets which are shown in 
Figure 6.5.2.3 (b). The X-bond motifs featured in these structures could be predicted 
by the conclusions made by Metrangolo and co-workers. 
 
Figure 6.5.2.329The X-bond topicity and geometry of 1,4-DITFB and 1,3,5-TITFB is 
induced in the halide X-bond donors in the structures of (a) 
DABCO-CH2Cl[(1,4-DITFB)(Cl–)] and (b) TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] respectively. 
Blue arrows represent IFB X-bond donor topology and red arrows represent halide X-bond 
acceptor topology. 
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In the structures of DABCO-CH2Cl[(1,2-DITFB)(Cl–)] (Section 6.2.1), 
(DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4] (Section 6.2.3), 
TEA-CH2Cl[(1,2-DITFB)(Cl–)] (Section 6.4.1), TEA-CH2Cl[(1,3-DITFB)(Cl–)] 
(Section 6.4.3) and TEA-CH2Br[(1,3-DITFB) (Br–)] (Section 6.4.4), X-bond 
geometry is not the same for IFB and halide. In these cases, the X-bond donor is 
either 1,2-DITFB or 1,3-DITFB. Whereas the X-bond geometries of 1,2-DITFB and 
1,3-DITFB are 60° and 120° respectively, the halide ions act as linear ditopic nodes. 
Even though the nodal geometries of the halide ions do not match that of the IFBs 
present, it remains remarkable that the X-bond topicity of halide ions (ditopic) 
matches that of the IFB donors (ditopic) in all 4 structures, when halide ions have 
been reported to participate in up to 8 X-bonds simultaneously. It is also interesting 
to note that in all of these cases the halide ions act as (essentially) linear ditopic 
nodes, as illustrated in Figure 6.5.2.4 (a and b). The same can be said for the 
structures of DABCO-CH2Cl[(1,4-DITFB)(Cl–)], TEA-CH2Cl[(1,4-DITFB)(Cl–)] 
and TEA-CH2Br[(1,4-DITFB)(Br–)] where the X-bond geometry of the donor does 
match that of the acceptor (Figure 6.5.2.4 (c)). In the structure of 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 (Section 6.2.4), neither X-bond 
geometry or topicity of the X-bond donor (1,3,5-TITFB, trigonal tritopic node) are 
reflected in the chloride nodes. However, the chloride ions act as linear ditopic 
X-bond linkers as is typical of these systems (Figure 6.5.2.4 (d)). This means a total 
of 9 out of the 14 structures described in this chapter exhibit linear ditopic halide 
X-bond acceptors. These results suggest that in the presence of either of the cations 
DABCO-CH2Cl+, TEA-CH2Cl+ or TEA-CH2Br+, halide ions have a tendency to 
exhibit a linear ditopic X-bond geometry when challenged with an IFB X-bond 
donor, regardless of the nodal geometry of the IFB. The crystal structure of 
(TEA-CH2Cl)3[(1,2-DITFB)2(Cl–)3]⋅4H2O (Section 6.4.1) features two 
crystallographically unique chloride ions, one of which is linear and ditopic. The 
other chloride ion is only monotopic with respect to X-bonding, but is 
simultaneously involved in several H-bonding interactions with solvated water 
molecules. Here the propensity for chloride to act as a linear ditopic X-bond acceptor 
is inhibited by competitive supramolecular forces. The structure of 
TEA-CH2Cl[(1,2-DITFB)(Cl–)] (Section 6.4.1) provides proof that in the absence of 
solvated water molecules, 1,2-DITFB can co-crystallise with [TEA-CH2Cl]Cl such 
that all chloride ions are linear and ditopic.  
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Figure 6.5.2.430Chloride ion has a tendency to act as a linear ditopic X-bond acceptor in 
structures containing the cations DABCO-CH2Cl+ or TEA-CH2Cl+ when challenged with (a) 
1,2-DITFB, (b) 1,3-DITFB, (c) 1,4-DITFB or (d) 1,3,5-TITFB. 
 
The crystal structure of TEA-CH2Cl[(1,2-DITFB)2(Cl–)] (Section 6.4.1) features 
tetratopic rather than ditopic chloride ions. However, it could be argued that the 
square planar X-bond topology of the chloride ion is reminiscent of two 
superimposed linear X-bond linkers, each forming links between separate zig-zag 
chains to make up the double zig-zag tape motif, as illustrated in Figure 6.5.2.5.  
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Figure 6.5.2.531The double zig-zag tape X-bond motif featured in the structure of 
TEA-CH2Cl[(1,2-DITFB)2(Cl–)] can be envisaged as being made up of two separate zig-zag 
chains (orange and green) with superimposed linear ditopic chloride linkers. 
 
6.5.3 Consideration of the formation of similar arrays of molecules 
from different supramolecular building blocks 
 
The ultimate achievement in crystal engineering is the construction of a crystal to 
meet a particular set of design criteria (most likely) to solve a technological problem. 
Consider first, the dilemma faced by civil engineers tasked with facilitating transport 
across a chasm. There are many possible solutions to the problem but perhaps the 
most obvious is the design and construction of a bridge. How much weight will the 
bridge be required to carry? What will be the height of the bridge? How far is the 
span? The answers to questions such as these provide the design criteria from which 
a bridge may be engineered. While the methodologies for civil engineering are well 
advanced, the same cannot be said for crystal engineering.  
 
A common approach to crystal engineering, and the one followed here, is to study 
the propensity for molecules with specific geometric arrangements of supramolecular 
synthons to assemble in predictable arrays. The outcomes of such studies will lead to 
a greater capability to engineer crystals from first principles. Just as there are many 
different ways to engineer a bridge suitable for a particular application, it is 
reasonable to expect that there will be more than one way to engineer a crystal for a 
particular purpose. By way of schematic illustration, Figure 6.5.3.1 (a) shows the 
resulting aggregation of a molecule that assembles as a linear topological node to 
create linear chains of molecules. By contrast, a molecule that acts as a ditopic node 
174.6° 174.6° 
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with a 90° angle of propagation (Figure 6.5.3.1 (b)) results in the formation of a 
zig-zag chain. With topological nodes stacking on one another, both cases lead to the 
formation of structures in which square channels propagate through space bounded 
by the supramolecular architecture (Figure 6.5.3.1 (c and d). As the field of crystal 
engineering matures over the next decade it will be important to show that a 
particular set of design criteria can be accommodated by a range of different crystal 
engineering solutions. 
 
 
Figure 6.5.3.132(a) Schematic illustrating the aggregation of two different topological nodes 
generating one overall arrangement of molecules. (a) Aggregation of linear ditopical nodes; 
(b) aggregation of ditopical nodes with 90° angle of propagation; (c), (d) stacking of 
topological nodes in (a) and (b) respectively, each leading to a structure with square channels 
bounded by aggregating nodes. 
 
In Chapter 5 it was noted that π-stacking motifs involving IFBs typically involve the 
relative orientation of adjacent molecules to be such that the electrostatic repulsion of 
iodine atoms is minimised. Some resulting configurations are shown in Figure 
5.4.3.1 (a). It was also noted that π-stacking is often responsible for the assembly of 
IFB molecules into columns that propagate through the crystal (Figure 5.4.3.1 (d)). 
These design principals are evident in every structure described in Chapter 6. 
However, in the majority of structures containing 1,2-DITFB, 1,3-DITFB or 
1,4-DITFB, the combination of characteristic π-stacking motifs with linear ditopic 
chloride ion linkers leads to almost identical arrays of molecules. In each case, 
individual units of the primary X-bond motif are organised through π-π interactions 
into an X-bonded lattice with cation-filled rhombic channels (Figure 6.5.3.2 (a)). 
This might come as a surprise due to the evident differences in the X-bond 
topologies of 1,2-DITFB, 1,3-DITFB and 1,4-DITFB and hence the X-bond motifs 
observed in each structure. In the case of the structures 
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 (c)  (d) 
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DABCO-CH2Cl[(1,2-DITFB)(Cl–)] (Section 6.2.1), 
(DABCO-CH2Cl)4[(1,3-DITFB)3(Cl–)4] (Section 6.2.3), 
TEA-CH2Cl[(1,2-DITFB)(Cl–)] (Section 6.4.1), TEA-CH2Cl[(1,3-DITFB)(Cl–)] 
(Section 6.4.3), TEA-CH2Br[(1,3-DITFB)(Br–)] (Section 6.4.4)), 1D zig-zag X-bond 
chains overlap such that π-stacking interactions form between constituent DITFB 
molecules (Figure 6.5.3.2 (b and c)). In the structures containing 1,4-DITFB 
TEA-CH2Cl[(1,4-DITFB)(Cl–)] (Section 6.4.5), TEA-CH2Br[(1,4-DITFB)(Br–)] 
(Section 6.4.6)), linear chains are arranged in sheets with the direction of propagation 
switching back and forth by ca. 60° from one sheet to the next (Figure 6.5.3.2 (d)). 
The structure of (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 (Section 6.4.7) 
exhibits a similar lattice, however the tritopicity of 1,3,5-TITFB molecules results in 
the division of rhombic channels into two smaller triangular channels. 
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Figure 6.5.3.233The lattice of TEA-CH2Cl[(1,2-DITFB)(Cl–)] (shown above) is 
representative of the remarkably similar arrays of molecules present in many of the 
structures reported in Chapter 6. π-Stacking motifs for the systems containing (b) 
1,2-DITFB, (c) 1,3-DITFB and (d)1,4-DITFB are provided along with how the individual 
units of each respective X-bond topology (red lines) are organised to form a common lattice. 
Cations are depicted as grey circles. 
Despite obvious differences in X-bonded network topology, all of the mentioned 
compounds exhibit similar arrangements of molecules in space, where 
[TEA-CH2Cl]+ ions are housed within almost identically sized rhombic channels in 
an X-bond framework. This remarkable structural feature is facilitated through the 
combination of (a) strong, linear X-bond connections, (b) the minimisation of the 
intermolecular electrostatic repulsion of iodine atoms, as well as (c) rotationally 
(a) 
(b) 
(c) 
(d) 
π-Stacking motif X-bond topology 
= cations 
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flexible π-π interactions between DITFB molecules that provide additional 
stabilising energy without inhibiting the effectiveness of (a) or (b) (for details 
regarding the strength of these interactions the reader is referred to Sections 1.3.4 and 
1.4). The result of this dynamic array of intermolecular interactions is a single way 
for molecules to arrange themselves in space in an energetically favourable way that 
can be adopted by any of the systems regardless of the substitution pattern of iodine 
atoms around the ring. While this particular lattice was not purposely designed, this 
set of structures demonstrate that it is important to consider the possibility of 
alternate design pathways when trying to achieve a desired crystal lattice. 
 
6.5.4 Impacts of the choice of halide as X-bond acceptor 
 
As bromide ions are larger than chloride ions (Pauling ionic radii of 195 pm for Br− 
compared to 181 pm for Cl−), it follows that C-I···Br− X-bonds should be longer than 
C-I···Cl− X-bonds. A statistical survey of the CSD revealed that C-I···Br− X-bonds 
generally exhibit distances of 3.2 – 3.4 Å across I···Br− while C-I···Cl− X-bonds 
typically feature I···Cl− bond lengths between 3.05 and 3.25 Å.[13] The relevant 
X-bonds reported in this thesis essentially fall within these ranges, as shown in 
Figure 6.5.1.1. The slight difference in bond length does not appear to have any 
major effect on the X-bond motifs observed or on the overall crystal structures for 
the systems studied. This is made evident by the isostructural pairs 
TEA-CH2Cl[(1,3-DITFB)(Cl−)] / TEA-CH2Br[(1,3-DITFB)(Br–)] and 
TEA-CH2Cl[(1,4-DITFB)(Cl–)] / TEA-CH2Br[(1,4-DITFB)(Br–)] (Sections 6.4.3 to 
6.4.6).d One aspect of these crystal structures that is affected (however subtly) by the 
lengthening of X-bond connections is the size of the rhombic channels formed by the 
X-bond architecture, as illustrated in Figure 6.5.4.1. The “calc void” function of the 
crystallographic software PLATON[14] was used to estimate the volume of these 
channels in each of these four structures. It was estimated that each rhombic channel 
in the structure TEA-CH2Cl[(1,3-DITFB)(Cl–)] occupies a volume of 982.1 Å3 per 
unit cell. In comparison, the volume of a channel in the analogous Br− structure 
                                                 
d It is believed that the difference in X-bond length is not a major contributing factor for the 
differences observed in the structures of  (TEA-CH2Br)3[(1,2-DITFB)2(Br
–)3] and 
(TEA-CH2Br)3[(1,3,5-TITFB)2(Br
–)3]⋅CH2Br2 and the respective chloride analogues.  Alternative 
reasons for the differences in these structures are provided in Section 6.1.5. 
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(TEA-CH2Br[(1,3-DITFB)(Br–)]) is 1033.3 Å3 per unit cell. Likewise, the channel 
volumes in the structures of TEA-CH2Cl[(1,4-DITFB)(Cl–)] and 
TEA-CH2Br[(1,4-DITFB)(Br–)] were estimated to be 996.0 and 1038.8 Å3 
respectively. These values indicate an increase in channel volume of 4 to 5% when 
bromide ions are substituted for chloride ions. Choice of the halide ion therefore 
provides a convenient handle with which to finely tune the size of channels or 
cavities generated upon the assembly of X-bonded frameworks.  
 
Figure 6.5.4.134If the length of the X-bonds that border rhombic channels is increased, the 
size of the channel itself is also increased. 
 
6.5.5 Impacts of choice of cation 
 
The differences in size, shape and flexibility of the cations [DABCO-CH2Cl]+ and 
[TEA-CH2Cl]+ appear to have little effect on the X-bond motifs observed in most of 
the structures reported herein. As previously mentioned (Section 6.1.3), many of 
these structures, including both [DABCO-CH2Cl]+ and [TEA-CH2Cl]+ containing 
structures, exhibit very similar arrays of molecules which would not be possible if 
changing the cation had a major impact on the X-bond topology. The ability to 
maintain motif despite changes in cation structure indicates that the motif is robust 
(and therefore forms relatively reliably) in an engineering sense. However, the 
differences in X-bonding motifs observed in the structures of 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 and 
TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] indicate that given the right set of circumstances, 
variations in the cation can interfere with X-bond topology. These structures both 
exhibit X-bond networks that incorporate 1,3,5-TITFB as a tritopic connecting node. 
DITFB 
DITFB 
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Both structures incorporate chloride as the X-bond acceptor. Both display 6,3 
network topology but in (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 the 
chloride ion is a ditopic (essentially) linear connector while in 
TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] the chloride ion is a tritopic connector. Given that 
both structures comprise 1,3,5-TITFB and chloride ion as the supramolecular 
connectors it is immediately obvious that, in principle, the same structure is possible 
for both. A question arises as to why the molecules form interpenetrating nets in 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 but form nets with no 
interpenetration in TEA-CH2Cl[(1,3,5-TITFB)(Cl–)]. The difference between the two 
structures are the cations [DABCO-CH2Cl]+ in 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 and [TEA-CH2Cl]+ in 
TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] which play no direct role in the X-bonding but no 
doubt make very important contributions through electrostatic charge balance and 
space filling. The likely cause of the difference between the structures results from 
the difference in the size, shape and flexibility of the cations. The lattice described in 
TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] contains well defined cavities that are occupied by 
the cations. As stated earlier (Section 6.4.7), this lattice is stable to changes in the 
cation for NEt4+, PEt4+, NPr4+ and SMe3+.[7] However, it was found that the lattice 
was disrupted when larger cations such as NBu4+ or PPh4+ were incorporated. It 
appears that DABCO-CH2Cl+ which is larger and less flexible than the small alkyl 
ammonium ions is unsuited to the cavity in TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] and 
thus demands a different X-bond topological framework in which to reside. In the 
case of (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 it appears that the spatial 
demands of the cation lead to the formation of the 6,3 nets with Cl− as a linear linker 
in preference to the tightly connected network in TEA-CH2Cl[(1,3,5-TITFB)(Cl–)] 
(where Cl− is tritopic). The resulting holes in the network are too large to house just 
the cations as in (DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 and thus the 
requirements for space filling are further alleviated by interpenetration. This whole 
arrangement is complemented by the π-stacking of the TITFB molecules in the 
interpenetrated nets. It is also noted that the structure of 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl–)3]⋅CHCl3 also contains chloroform 
molecules. These molecules reside in the space between adjacent triply linked 
networks and not within those networks and so appear to play a role in optimising the 
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filling of space between the layers rather than a templating effect on the formation of 
the layers or their interpretation. 
In addition to cation morphology, the physical properties of cations can also 
potentially impact X-bond motif. The cations studied in this chapter feature a 
peripheral halogen atom and thereby possess the potential to participate in 
X-bonding. As mentioned in Section 1.3.4, chlorine atoms are weaker X-bond donors 
as they are less polarisable than bromine or iodine atoms. This is reflected in the 
structures containing [DABCO-CH2Cl]+ and [TEA-CH2Cl]+, where the cations do 
not take part in any significant X-bonding interactions. [TEA-CH2Br]+ cations 
however possess a more polarisable bromine atom making them stronger X-bond 
donors than [TEA-CH2Cl]+ ions, albeit weaker than IFBs. [TEA-CH2Br]+ cations do 
not interfere with the X-bond network in the structures of 
TEA-CH2Br[(1,3-DITFB)(Br–)], TEA-CH2Br[(1,4-DITFB)(Br–)] or 
(TEA-CH2Br)3[(1,3,5-TITFB)2(Br–)3]⋅CH2Br2. In the structure of 
(TEA-CH2Br)3[(1,2-DITFB)2(Br–)3] (Section 6.4.2) however, [TEA-CH2Br]+ 
cations play a direct role in X-bonding, effectively disrupting the formation of the 
characteristic rhombic channel structure. From the observation of three crystalline 
forms of co-crystals containing 1,2-DITFB and [TEA-CH2Cl]Cl, it would appear 
that there is no single arrangement of these molecular components that is 
substantially more kinetically and thermodynamically stable than any other. In each 
of the cases involving 1,3-DITFB, 1,4-DITFB or 1,3,5-TITFB co-crystallised with 
[TEA-CH2X]X, only one phase was ever observed (X = Cl, Br). Therefore, it seems 
logical that of the four combinations of IFB and [TEA-CH2Br]Br studied, the 
combination involving 1,2-DITFB appears to be the most likely to be disrupted 
through interference of X-bond motif by the X-bonding of the cation. This result 
demonstrates how the choice of cation in these systems can introduce the possibility 
of disturbance of the X-bond network, thereby influencing the X-bond motif 
obtained. 
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6.5.6 Dependence of rate of crystallisation on rate of reaction 
 
It was found that crystallisations relying on the formation of [TEA-CH2Cl]Cl took 
far longer  than those involving the reaction of DABCO with DCM (several 
days/weeks rather than hours). Crystallisations where DBM was required to react 
with TEA occurred over a period of time that was intermediate of those involving the 
combinations DCM/TEA and DCM/DABCO. As the Menshutkin reaction follows an 
SN2 pathway, reaction rate should increase with the nucleophilicity (or Lewis 
basicity) of the amine nitrogen and the electrophilicity of the carbon atom of the 
reacting halocarbon. Relative values for the Lewis basicity of nitrogen atoms can be 
calculated in terms of their affinity for boron trifluoride (BF3). DABCO and TEA 
exhibit affinities for BF3 of 142.76 ± 1.08 kJ mol−1 and 135.87 ± 1.09 kJ mol−1 in 
DCM respectively.e[15] The slightly higher Lewis basicity of DABCO indicates that it 
should react with haloalkanes more rapidly than TEA. Kinetic studies carried out by 
Gainza and co-workers concluded that the rate constant for the Menshutkin reaction 
between a halocarbon and an amine is also influenced by the sterical interactions 
associated with the amine nitrogen and the halocarbon carbon.[6] The greater degree 
of unfavourable steric interaction around the nitrogen atom of TEA compared with 
that of DABCO (Figure 6.5.6.1) also suggests that the reaction rate of DABCO with 
DCM should be faster. As co-crystallisations involving the formation of 
[DABCO-CH2Cl]Cl occurred over a shorter time frame than those involving the 
formation of [TEA-CH2Cl]Cl, it is postulated that the rate of crystallisation for these 
systems is dependent on the rate of reaction of the tertiary amine with the haloalkane. 
This conclusion is further supported by the increase in rate of crystallisation 
observed when DCM was substituted for DBM, as it has been previously 
demonstrated that DBM is typically more reactive toward amines than DCM.[2a] 
 
 
                                                 
e BF3 affinities experimentally determined at 298K and 1 atm. 
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Figure 6.5.6.135The greater affinity for BF3 in DCM along with lower steric interaction 
surrounding the nitrogen atom suggests DABCO should react with haloalkanes faster than 
TEA. 
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7. CO-CRYSTALLISATION OF IFBS WITH METAL 
COMPLEX HALIDE SALTS 
 
In Chapter 6, every combination of either [DABCO-CH2Cl]Cl, [TEA-CH2Cl]Cl or 
[TEA-CH2Br]Br with one of the four IFBs studied in this project resulted in the 
formation of co-crystals exhibiting X-bonds between the molecular components. In 
each of these structures, an X-bonded framework houses relatively small cations 
within cavities or channels. As previously mentioned, one of the primary objectives 
of this project was to investigate the organisation of metal complexes using X-bonds. 
Our approach was to design a system wherein metal complexes themselves do not 
directly partake in X-bonding, but rather provide a templating effect on an X-bond 
network formed by interactions between other molecular components (Section 1.5). 
The inherent reliability of the formation of X-bond networks involving IFBs and 
quaternary ammonium salts described in Chapter 6 sparked an idea: would it be 
possible to substitute the quaternary ammonium cations present in the structures 
reported in Chapter 6 for metal complex cations? We postulated that the 
co-crystallisation of a metal complex halide salt with an IFB could result in the 
formation of an IFB/halide X-bond framework encapsulating cationic metal 
complexes (Figure 7.1). Because the physical properties (eg. spin crossover) of 
transition metal complex materials are sensitive to their crystal packing environment, 
this would be expected to result in the alteration of such properties. If a desirable 
spatial arrangement of metal complex cations could be accessed through the careful 
selection of molecular components, it may be possible to adjust the physical 
properties of the bulk material. At the time of starting this project, there was just one 
known crystal structure featuring a metal complex halide crystallised with an IFB in 
this way.[1] This structure contains the metal complex 
(4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane)-potassium(I) iodide 
co-crystallised with 1,3,5-TITFB.  
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Figure 7.11It was postulated that co-crystallisation of metal-complex halide salts with IFBs 
would result in the formation of IFB/halide X-bond networks encapsulating metal complex 
cations. 
 
7.1 Choice of molecular components and experimental design 
 
The first step in this investigation was to select ideal candidates for the metal 
complex halide salt component. It was demonstrated that given the appropriate 
functionality, cations could participate in and hence interfere with X-bonding motifs 
(Section 6.5.4). Therefore, it was clear that ligands without peripheral X-bond 
donor/acceptor sites should be used. Pyridyl ligands appeared as an appropriate 
choice as they would not interfere with X-bonding and their aromaticity could 
potentially aid crystal packing through the formation of π-π interactions with IFB 
molecules. π-π Interactions between individual complexes could also provide some 
degree of predictability of how metal complexes were likely to arrange within 
X-bond framework cavities. Ligands 2,2ʹ-bipyridine (bpy) and 1,10-phenanthroline 
(phen) were selected, as the supramolecular activity of complexes featuring these 
ligands are a focus of our research group. Nickel(II) was selected as the metal centre, 
as not only is the coordination chemistry of Nickel (II) with pyridyl ligands well 
understood, it is also a labile metal, meaning the synthesis of metal complexes could 
be carried out quickly under ambient conditions. Nickel(II) forms octahedral 
complexes with bpy and phen ligands. A diagram displaying the chemical structures 
of the selected metal complex cations is provided in Figure 7.1.1. Details of the 
synthesis for these complexes are provided in Section 4.3. The chloride ion was 
initially employed as the halide component following from the success found through 
its use in the structures reported in Chapter 6.  
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Figure 7.1.12The octahedral complexes shown above were selected for investigations into 
the X-bond controlled organisation of metal complexes in crystalline materials. 
 
A matrix of initial co-crystallisation experiments was generated (Table 7.1.1). 
[Ni(bpy)3]Cl2 and [Ni(phen)3]Cl2 were to be co-crystallised with each of the four 
IFBs, making a total of eight experiments.  
 
Table 7.1.11 Matrix of initial co-crystallisation experiments.  
Initial Co-crystallisation 
Experiments 
[Ni(bpy)3]Cl2 [Ni(phen)3]Cl2 
1,2-DITFB    
1,3-DITFB   
1,4-DITFB   
1,3,5-TITFB   
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N
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N
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N
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[Ni(bpy)3]2+ 
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Co-crystallisation experiments were conducted according to the procedures described 
in Section 3.2. SCXRD was used to determine crystal structure in each case. Unless 
otherwise stated, PXRD and elemental analysis were collected in order to confirm 
phase purity of the bulk material. Details of the synthesis and characterisation of the 
co-crystalline compounds described in this chapter are provided in Section 4.1. 
Structural details of the co-crystals are described in this section, while comparisons 
and discussions of these structures are withheld until the following section (Section 
7.8). Racemic mixtures of metal complexes were used in all cases. Structural 
formulae of co-crystals are given in the following format to avoid ambiguity:  
 
[Metal(ligand)3]x[(X-bond donor)y(X-bonding solvent) 
(X-bonding halide−)z](Non-X-bonding halide−)2-z·Solvate 
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7.2 Co-crystallisation of [Ni(bpy)3]Cl2 with IFBs 1,2-DITFB 
1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB 
 
The first co-crystallisations attempted included the combinations of each of the four 
IFBs with [Ni(bpy)3]Cl2. In these experiments, the respective IFB and metal 
complex were dissolved in separate volumes of methanol (MeOH) and these 
solutions mixed. The MeOH was left to slowly evaporate.  
The combination of 1,2-DITFB and [Ni(bpy)3]Cl2 resulted in the formation of a 
mixture of pink crystals and powder (Figure 7.2.1 (a)). While the majority of the 
crystalline material was poorly formed, several pink crystals appeared suitable for 
SCXRD analysis. Short SCXRD data collections were used to establish unit cell 
parameters of four pink crystals. All four crystals exhibited identical unit cell 
dimensions to the known crystal structure of [Ni(bpy)3]Cl2·5.5H2O. The PXRD 
pattern only showed peaks corresponding to crystalline [Ni(bpy)3]Cl2·5.5H2O 
(Appendix C31). This suggested no co-crystalline material was formed. The lack of 
peaks corresponding to crystalline 1,2-DITFB suggested that 1,2-DITFB existed in 
an amorphous form.  
The combination of 1,3-DITFB and [Ni(bpy)3]Cl2 also lead to the formation 
crystalline material unsuitable for SCXRD analysis (Figure 7.2.1 (b)). Again, crystals 
of sufficient quality were screened using SCXRD and subsequently identified to be 
pure [Ni(bpy)3]Cl2 crystals. PXRD indicated that the only crystalline phase present 
was that of [Ni(bpy)3]Cl2·5.5H2O. This suggests that no co-crystalline material was 
formed from this combination under these conditions. 
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Figure 7.2.13Photographs of the crystalline material produced through the attempted 
co-crystallisation of [Ni(bpy)3]Cl2 with (a) 1,2-DITFB and (b) 1,3-DITFB. In both cases 
crystals of pure [Ni(bpy)3]Cl2·5.5H2O were identified. 
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The combinations 1,4-DITFB[Ni(bpy)3]Cl2 and 1,3,5-TITFB/[Ni(bpy)3]Cl2 both 
resulted in the formation of pink and colourless crystals (Figure 7.2.2). Short 
SCXRD experiments revealed that these crystals were the pure starting compounds 
([Ni(bpy)3]Cl2·5.5H2O pink, 1,4-DITFB/1,3,5-TITFB colourless) by the matching of 
the respective unit cell parameters with known crystal structures. In these cases, it 
appears likely that the compounds did not co-crystallise.  
 
 
 
 
 
Figure 7.2.24Photographs of crystalline material produced through the attempted 
co-crystallisation of [Ni(bpy)3]Cl2 with (a) 1,4-DITFB and (b) 1,3,5-TITFB. Pure crystals of 
the starting materials were identified in both cases. 
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7.3 Co-crystallisation of [Ni(phen)3]Cl2 with IFBs 1,2-DITFB 
1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB 
The next four combinations attempted involved each of the four IFBs and 
[Ni(phen)3]Cl2. The attempt to co-crystallise 1,2-DITFB with [Ni(phen)3]Cl2 
resulted in the formation of colourless crystals and pink material of poor crystallinity 
(Figure 7.3.1 (a)). Screening of the unit cell dimensions of the colourless crystals 
through the use of SCXRD identified them to be that of pure 1,2-DITFB. The pink 
material was unsuitable for SCXRD analysis. It is possible that this poorly formed 
crystalline material may have been co-crystalline as there is evidence of a new phase 
in the PXRD pattern, however crystals of suitable quality for SCXRD analysis were 
not obtained.  
As with 1,2-DITFB, the attempt to co-crystallise 1,4-DITFB with [Ni(phen)3]Cl2 
yielded both pink and colourless crystals. The PXRD pattern of the crystals showed a 
phase different to either of the starting compounds which suggests that co-crystalline 
material may have been formed. However, again, no SCXRD suitable crystals were 
grown.  
 
Figure 7.3.15Crystalline material obtained through the attempted co-crystallisation of 
[Ni(phen)3]Cl2 (left) with (a) 1,2-DITFB and (b) 1,4-DITFB. 
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7.3.1 [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH 
 
The combination of 1,3-DITFB and [Ni(phen)3]Cl2 lead to the growth of relatively 
large, pink, plate-like crystals (Figure 7.3.1.1). Single crystal X-ray analysis 
indicated that these crystals were indeed co-crystals with the formula 
[Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH. Subsequent crystal packing 
analysis revealed that the components were involved in X-bond interactions. 
 
Figure 7.3.1.16The chemical structures of components [Ni(phen)3]Cl2 and 1,3-DITFB along 
with a photograph of co-crystals of [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH grown 
from an evaporating solution of MeOH. 
In crystals of [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH, X-bonds are formed 
between 1,3-DITFB and chloride ions. Both are ditopic, which results in the 
formation of 1D X-bond chains. The I···Cl−···I angle of ca. 120° gives these X-bond 
chains a wave-like topology, as shown in Figure 7.3.1.2 (a). It is interesting to note 
that both the X-bond topicity and X-bond geometry of donor 1,3-DITFB are reflected 
in the chloride ions. Water molecules H-bond to every second chloride ion along the 
chain. Adjacent X-bond chains interact through π-stacking interactions between 
1,3-DITFB molecules. The metal complexes cations are not directly involved in 
X-bonding interactions. Rather, they interact with each other via edge-to-face π-π 
interactions in a configuration that is atypical of [M(phen)3]2+ complexes.[2] These 
π-π interactions facilitate the organisation of metal complexes into 1D chains with 
metal-metal distances of 10.00 Å (red square in Figure 7.3.1.2 (b)). These chains are 
separated by the X-bond framework such that the closest interchain metal ions are 
spaced 12.08 Å apart (Figure 7.3.1.2 (c)). The crystal packing is such that 
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π-interactions form between molecules of 1,3-DITFB and metal complexes. 
Molecules of MeOH occupy voids in the lattice and are not involved in X-bonding.  
 
Figure 7.3.1.27Structure: [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH. (a) 1D wave-like 
X-bond topology; (b) 1D chain of [Ni(phen)3]2+ ions propagating through π- π interactions; 
(c) crystal lattice viewed down the direction of propagation of chains of [Ni(phen)3]2+ ions 
(shown in black for clarity). Chains of [Ni(phen)3]2+ ions separated by DITFB/Cl− X-bond 
chains. 
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7.3.2 [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2] 
 
The co-crystallisation of 1,3,5-TITFB with [Ni(phen)3]Cl2 resulted in the growth of 
a crop of well-formed, pink, prismatic crystals (Figure 7.3.2.1). With the aid of 
SCXRD analysis, these crystals were also found to be co-crystals. The formula of the 
crystal structure is [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2]. 
 
Figure 7.3.2.18The structures of the component molecules [Ni(phen)3]Cl2 and 1,3,5-TITFB 
together with a photograph of the co-crystals of [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2]. 
 
In crystals of [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2], 1,3,5-TITFB molecules X-bond 
with a mixture of ditopic and tritopic chloride ions to form 2D rippled 
supramolecular sheets as shown in Figure 7.3.2.2 (a). Adjacent sheets are offset but 
overlap such that π-interactions form between 1,3,5-TITFB molecules (blue square in 
Figure 7.3.2.2 (c)). 1D chains of metal complexes form through offset-face-to-face 
π-π interactions (pink square in Figure 7.3.2.2 (b)). These chains propagate through 
channels in stacks of X-bonded sheets (grey ovals in Figure 7.3.2.2 (a), red rectangle 
in Figure 7.3.2.2 (c)). Metal-complexes also form π-interactions with molecules of 
1,3,5-TITFB (blue square in Figure 7.3.2.2 (c)). Within the 1D chains of metal 
complexes, metal centres are spaced 9.17 Å apart, while the shortest distance 
between metal centres of adjacent 1D chains is 11.74 Å.  
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Figure 7.3.2.29Structure: [Ni(phen)3][(1,3,5-TITFB)2(Cl−)2]. (a) Supramolecular 2D rippled 
sheet; (b) 1D chain of [Ni(phen)3]2+ ions propagating through π-π interactions; (c) Crystal 
lattice viewed parallel to the direction of propagation of chains of [Ni(phen)3]2+ ions. 
[Ni(phen)3]2+ ions are shown in orange and green, respective to use of colours in (b). 
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7.4 Results of the co-crystallisation of [Ni(bpy)3]Cl2 and 
[Ni(phen)3]Cl2 with IFBs 1,2-DITFB 1,3-DITFB, 1,4-DITFB 
and 1,3,5-TITFB 
 
The discovery of co-crystals of [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH and 
[Ni(phen)3][(1,3,5-TITFB)2(Cl−)2] proved that it is indeed possible to synthesise 
crystals  wherein metal complexes are guests in an IFB/halide X-bonded framework 
(Figure 7.4.1). Aside from three structures involving metal complex 
(4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane)-potassium(I),[1, 3] 
these co-crystals represent the first examples of the deliberate engineering of such 
systems. It is remarkable that co-crystallisation occurs when both the IFB and metal 
complex components form high quality pure crystals when crystallised individually 
under the same conditions (with the exception of 1,3-DITFB which is a liquid at 
room temperature). X-bond interactions between IFBs and chloride ions are strong 
enough to overcome the attractive forces between the molecules of each individual 
parent species. Thus the formation of co-crystals is either kinetically or 
thermodynamically favoured (or both) over the formation of crystals of the pure 
starting compounds.  
 
Figure 7.4.110The above results show that co-crystallisation of metal-complex halide salts 
with IFBs can result in the formation of IFB/halide X-bond networks encapsulating metal 
complex cations, as in the cases of [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH and 
[Ni(phen)3][(1,3,5-TITFB)2(Cl−)2]. 
Despite this achievement, it was unclear why only two of the eight systems tested 
produced co-crystals of suitable quality for X-ray analysis (Table 7.4.1). In an 
attempt to obtain crystals of better quality, the larger halide iodide was substituted 
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for chloride and the experiments repeated. The results indicate that the use of the 
iodide ion did increase the quality of crystals produced.  
 
 
 
 
 
 
 
 
 
Table 7.4.12Matrix of initial co-crystallisation experiments including results. 
Initial Co-crystallisation 
Experiments 
[Ni(bpy)3]Cl2 [Ni(phen)3]Cl2 
1,2-DITFB  poorly formed 
crystals 
poorly formed 
crystals 
1,3-DITFB poorly formed 
crystals 
X-bonded 
co-crystals 
1,4-DITFB did not co-crystallise 
poorly formed 
crystals 
1,3,5-TITFB did not 
co-crystallise 
X-bonded 
co-crystals 
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7.5 Co-crystallisation of [Ni(bpy)3]I2  with IFBs 1,2-DITFB 
1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB 
 
7.5.1 [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O 
 
The first system to be repeated with the inclusion of iodide ions was the 
co-crystallisation of [Ni(bpy)3]I2 and 1,2-DITFB (Figure 7.5.1.1). A crop of peach 
coloured prismatic crystals was obtained. SCXRD confirmed that the crystals were 
co-crystals with the formula [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O. 
 
Figure 7.5.1.111The chemical structures of the molecules along with a photograph of 
co-crystals of [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O. 
 
In crystals of [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O, there are X-bonds between 
1,2-DITFB and iodide ions. They are of the form I···I−, and assist in the arrangement 
of 1,2-DITFB molecules and iodide ions into X-bond pseudo-rhombi (Figure 7.5.1.2 
(a)). Individual rhombi are assembled in 1D supramolecular chains that propagate 
through both X-bonding and π-stacking interactions (blue rectangle in Figure 7.5.1.2 
(b)). These chains are aligned above and below one another so as to form a DITFB/I− 
layer that separates metal complexes from one another along the c-axis (side on view 
shown in Figure 7.5.1.2 (b) and end-on view denoted by black rectangle in Figure 
7.5.1.2 (d)). Metal complexes are assembled in 1D chains that propagate through a 
multiple aryl embrace motif made up of offset-face-to-face and vertex-to-face π-π 
interactions (pink square in Figure 7.5.1.2 (c)). The distances between metal centres 
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within a chain are 8.14 Å. These chains reside in between sheets of X-bonded rhombi 
as illustrated in Figure 7.5.1.2 (d) (red rectangle). Channels of disordered water 
molecules separate adjacent chains of metal complexes in the a direction such that 
the shortest interchain metal-metal distance is 11.31 Å (green rectangle in Figure 
7.5.1.2 (d)). 
 
Figure 7.5.1.212Structure: [Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O. (a) A supramolecular 
rhombi formed between two 1,2-DITFB molecules and two iodide ions; (b) Side on view of 
DITFB/ I− layer with a 1D supramolecular X-bond/π-stack chain highlighted in blue; (c) 1D 
chains of metal complexes propagating through a multiple aryl embrace motif; (d) A 
perspective of the crystal lattice looking down the length of the 1D chains of [Ni(bpy)3]2+ 
ions (shown in black for clarity). 
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7.5.2 [Ni(bpy)3][(1,3-DITFB)3(I−)2], [Ni(bpy)3][(1,3-DITFB)2(I−)2] 
SCXRD analysis determined that the pink-coloured prismatic crystals grown from 
the combination of [Ni(bpy)3]I2 and 1,3-DITFB were co-crystals of 
[Ni(bpy)3][(1,3-DITFB)3(I−)2] (Figure 7.5.2.1). 
 
Figure 7.5.2.113The chemical structures of [Ni(bpy)3]I2 and 1,3-DITFB along with a 
photograph of the co-crystals of [Ni(bpy)3][(1,3-DITFB)3(I−)2] formed as a result of their 
co-crystallisation. 
In crystals of [Ni(bpy)3][(1,3-DITFB)3(I−)2], ditopic 1,3-DITFB molecules and 
tritopic iodide ions are arranged in 2D X-bond sheets (Figure 7.5.2.2 (a)). These 
sheets are stacked on one another and are offset such that metal complex guests are 
completely encapsulated, resulting in the shortest metal-metal spacing being 11.18 Å 
(Figure 7.5.2.2 (b)). Adjacent X-bond sheets overlap forming π-stacking interactions 
between molecules of 1,3-DITFB.  
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Figure 7.5.2.214Structure: [Ni(bpy)3][(1,3-DITFB)3(I−)2]. (a) Part of a 2D X-bonded sheet; 
(b) a [Ni(bpy)3]2+ cation (black) encapsulated by offset 2D X-bonded sheets. 
 
The ratio of components in co-crystals of [Ni(bpy)3][(1,3-DITFB)3(I−)2] (1:3) did 
not match the ratio of components initially dissolved in the crystallisation solution 
(1:2). Therefore, after complete evaporation of the solvent, there would have been 
excess [Ni(bpy)3]I2. The presence of this excess hindered meaningful 
characterisation of the major co-crystalline product. To rectify this, the experiment 
was repeated with the components dissolved in a 1:3 ratio of [Ni(bpy)3]I2 to 
1,3-DITFB. This resulted in a crop of red prismatic crystals (Figure 7.5.2.3). 
However, SCXRD analysis determined that the crystals grown in the repeat 
experiment were co-crystals of a different phase, namely 
[Ni(bpy)3][(1,3-DITFB)2(I−)2].a It is not clear why this new phase formed 
preferentially to the previously observed phase. The obvious difference in the 
experimental conditions was the starting ratios of components in the crystallising 
                                                 
a Consequently a pure sample of [Ni(bpy)3][(1,3-DITFB)3(I−)2] was not obtained, and PXRD and 
elemental analysis were not carried out. 
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solution (1:2 vs. 1:3). However it seems unlikely that this was the cause, as it is 
counter-intuitive that a 1:2 solution would produce crystals with a 1:3 ratio of 
components and that a 1:3 solution would produce crystals of a 1:2 ratio (although it 
is possible). Another difference in experimental conditions was the overall 
concentration of solutes in the initial crystallising solution. In the repeat experiment 
(1:3 ratio of starting materials), the solution was much closer to the saturation point 
than in the first experiment. It may be that beyond a certain point in solute 
concentration, the molecules become more likely to crystallise in a 1:2 ratio, whereas 
a dilute solution is more likely to produce crystals in the 1:3 phase.  
 
Figure 7.5.2.315The chemical structures of [Ni(bpy)3]I2 and 1,3-DITFB along with a 
photograph of the co-crystals formed in the repeat co-crystallisation experiment. 
 
In the crystal structure of  [Ni(bpy)3][(1,3-DITFB)2(I−)2], 1,3-DITFB molecules 
X-bond with ditopic iodide ions to form 1D chains. These chains are helical in 
nature, which is facilitated by the combination of the I···I−···I angle of ca. 75° along 
with adjacent 1,3-DITFB molecules lying approximately perpendicular to one 
another. (Figure 7.5.2.4 (a)). Adjacent chains π-stack through 1,3-DITFB molecules, 
leading to 2D supramolecular sheets lying in the ab plane (Figure 7.5.2.4 (a) and blue 
rectangle in (Figure 7.5.2.4 (c)). Between these sheets, metal complexes interact via a 
multiple aryl embrace motif known as a sextuple aryl embrace[4] to form linear 1D 
chains with the distance between adjacent metal complexes being 7.49 Å (Figure 
7.5.2.4 (b) and red square in (Figure 7.5.2.4 (c)). The X-bonding framework 
efficiently separates the 1D chains of [Ni(bpy)3]2+ cations as shown in Figure 7.5.2.4 
(c), so that the shortest interchain metal-metal distance is 10.61 Å.  
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Figure 7.5.2.416Structure: [Ni(bpy)3][(1,3-DITFB)2(I−)2]. (a) A section of a 2D sheet made 
up of π-stacking helical X-bond chains; (b) A 1D chain of [Ni(bpy)3]2+ cations propagating 
through multiple aryl embraces; (c) Crystal lattice viewed down the length of the 1D chains 
of [Ni(bpy)3]2+ cations (shown in black for clarity). 
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7.5.3 [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·0.5H2O, 
[Ni(bpy)3]3[(1,4-DITFB)8(I−)6]·MeOH·4.5H2O 
 
The co-crystallisation of 1,4-DITFB with [Ni(bpy)3]I2 led to the growth of two types 
of crystals with distinct habits, which is evident from the photograph shown in 
Figure 7.5.3.1. SCXRD revealed that the different habits represented two different 
phases of co-crystals containing 1,4-DITFB and [Ni(bpy)3]I2. The phases differ in 
the ratio of [Ni(bpy)3]I2 to 1,4-DITFB and in the number of solvated molecules. The 
prismatic crystals had the formula  
[Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH⋅0.5H2O while the needle-like crystals 
were [Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O (Figure 7.5.3.1).  
 
This result prompts the question: why are two phases obtained from same solution? 
While reasons for this are not clear, multiple scenarios are considered. First, it is 
possible that the two crystalline forms provide similar levels of stabilising energy, 
and so it is statistically likely that both will form simultaneously. Second, it is also 
possible that the different crystalline forms grew at different stages during the 
evaporation of the solvent. The phase containing a higher ratio of 1,4-DITFB (2:5) 
may have formed first, when the concentration of 1,4-DITFB in solution was at a 
maximum. As the starting ratio of components in solution was 1:2, this would have 
caused a depletion in the relative concentration of 1,4-DITFB. Subsequently, crystals 
with a 1:2 [Ni(bpy)3]I2:1,4-DITFB ratio may have formed, as there was no longer 
sufficient 1,4-DITFB present in solution to facilitate growth of the 2:5 phase. Either 
way, there appears to be a capability for these systems to produce more than one 
phase of co-crystals. Time-lapse photography experiments may assist in clarifying 
which phase forms first and hence would be worthwhile future work (see section 
8.2.2 for an example of the usage of time-lapse photography for this purpose). If it is 
shown that the 2:5 ratio crystalline phase does in fact form before the 1:2 phase, it 
would be worth attempting the experiment with a 2:5 ratio of metal complex to 
DITFB in the original crystallisation solution in the interest of obtaining a phase pure 
sample of [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH⋅0.5H2O. 
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Figure 7.5.3.117The chemical structures of [Ni(bpy)3]I2 and 1,4-DITFB along with 
photograph of the crystalline material produced by their co-crystallisation. 
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The asymmetric unit of crystals of 
[Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH⋅0.5H2O solved in space group P1� is 
relatively large, containing 15 crystallographically unique DITFB molecules and 6 
crystallographically unique [Ni(bpy)3]I2 complexes. Each DITFB molecule and 
iodide ion display different X-bond connectivity thus giving rise to a highly 
complicated network of X-bonds. The result is that [Ni(bpy)3]2+ ions are arranged 
into waved 1D chains that propagate through a multiple aryl embrace motif made up 
of a balance of offset-face-to-face and edge-to-face π-π interactions (Figure 7.5.3.2 
(a)). The X-bond network separates these chains from one another (Figure 7.5.3.2 (b 
and c)). The distances between the metal centres of adjacent metal complexes within 
chains range from 7.5 to 8.2 Å, while the shortest interchain metal-metal distance is 
11.86 Å.  
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Figure 7.5.3.218Structure: [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH⋅0.5H2O. (a) A 
waving 1D chain of [Ni(bpy)3]2+ ions propagating through multiple aryl embraces. (b) An 
illustration showing how the 1D chains of [Ni(bpy)3]2+ ions are separated by the 
DITFB/halide ion X-bond framework. Four chains of metal complexes are shown, each 
depicted in a different colour. (c) An alternate angle of the crystal lattice to that provided in 
(b) that shows how the DITFB/I− network separates chains of metal complexes form one 
another (uses the same colour scheme as per (b)). 
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In the structure of [Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O, 1,4-DITFB and 
iodide ions are X-bonded with five unique topologies (Figure 7.5.3.3 (a)). Three of 
these are 1D linear chains (blue, green and orange), one is a branched 1D linear chain 
(red) and one is a discrete X-bonded complex (black). Many configurations of 
π-stacking are present between 1,4-DITFB molecules of the various topologies. 
Metal complexes interact with each other via a multiple aryl embrace motif that 
contains elements of offset-face-to-face and vertex-to-face π-π interactions. The 
metal complexes are arranged in branched 1D chains (Figure 7.5.3.3 (b)). 
Metal-metal distances within chains range from 7.88 to 8.93 Å. DITFB and iodide 
ions separate these chains (Figure 7.5.3.3 (c)), such that the closest metal atoms of 
adjacent chains are spaced 11.82 Å from one another.   
 
7.5.3.1 Consideration of structures with large numbers of molecules in the 
asymmetric unit 
 
It is interesting to note that these systems show a propensity for forming structures 
with large numbers of crystallographically unique molecules in the asymmetric unit 
(large Zʹ). A study conducted by Steed et. al. in 2003[5] indicated that at the time, 
structures with Zʹ values of ½, 1 or 2 made up 95.3% of the structures in the CSD.[6] 
The structures of [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH⋅0.5H2O and 
[Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O contain (not including solvates) no 
less than 21 and 11 crystallographically independent molecules respectively. 
Structures with this many molecules in the asymmetric unit are extremely rare. In the 
study by Steed et. al., the author suggests that high Zʹ values can be caused by “a 
kind of frustration between localised directional interactions and the driving force 
towards efficient packing”. It would appear that for these structures, in order to 
satisfy both the demands of X-bonding and π-π interactions and of course coloumbic 
interactions as well as the requirement for efficient crystal packing, [Ni(bpy)3]2+ 
cations, iodide anions and DITFB molecules need to assemble in complicated 
configurations.  
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Figure 7.5.3.319Structure: [Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O. (a) An 
illustration showing the five different X-bond motifs in different colours; (b) A 1D branched 
chain of metal complex cations interacting via multiple aryl embraces; (c) The crystal lattice 
viewed down the length of the branched chains of [Ni(bpy)3]2+ cations, using the same 
colour scheme as used in (b). 
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7.5.4 [Ni(bpy)3][(1,3,5-TITFB)2I2] 
 
The compounds [Ni(bpy)3]I2 and 1,3,5-TITFB were dissolved in separate volumes of 
MeOH. Upon the mixing of the two solutions, a pink precipitate formed almost 
instantaneously. While it was found that this precipitate was crystalline, no single 
crystals were large enough for SCXRD analysis. The experiment was repeated with 
more dilute MeOH solutions of [Ni(bpy)3]I2 and 1,3,5-TITFB. Crystals formed over 
a period of an hour (Figure 7.5.4.1). Subsequent SCXRD analysis identified the 
crystals to be co-crystals of [Ni(bpy)3][(1,3,5-TITFB)2(I−)2]. PXRD of the original 
precipitate indicated that it was in the same phase as the crystals that formed over a 
longer period of time. Even though the molecular components [Ni(bpy)3]I2 and 
1,3,5-TITFB are both soluble in MeOH, their attraction due to X-bonding and π-π 
stacking is so dominant over solvent interactions that immediate precipitation of 
crystalline material takes place. This result shows that this method of synthesising 
crystals wherein metal complexes are encapsulated in IFB/halide X-bond networks is 
remarkably robust. When this project was started, it was not known whether or not 
these types of systems would yield X-bonded co-crystals. It was certainly never an 
expectation that co-crystals would form so readily that the process would need to be 
slowed down. 
 
Figure 7.5.4.120The structures of the molecular components along with a photograph of the 
co-crystals of [Ni(bpy)3][(1,3,5-TITFB)2(I−)2]. 
Crystals of [Ni(bpy)3][(1,3,5-TITFB)2(I−)2] are essentially isostructural with crystals 
of [Ni(bpy)3][(1,3-DITFB)2(I−)2] (Section 7.5.2). 1,3,5-TITFB and iodide ions are 
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arranged in 1D X-bonded helices (Figure 7.5.4.2). In this arrangement, two of the 
possible three 1,3,5-TITFB iodine atoms are involved in X-bonding with iodide ions 
whilst the third is projected toward a fluorine atom of a 1,3,5-TITFB molecule in an 
adjacent X-bond chain to form a relatively weak C-I···F interaction. As in the 
structure of [Ni(bpy)3][(1,3-DITFB)2(I−)2], metal complexes are arranged in 1D 
chains through sextuple aryl embraces. Within these chains, metal ions are spaced by 
7.67 Å. The shortest metal-metal distance between adjacent chains is 10.42 Å. Each 
chain is separated from those around it by TITFB molecules and iodide ions. 
Illustrations of the structural features are largely omitted due to their similarity to 
those included in the description of co-crystals [Ni(bpy)3][(1,3-DITFB)2(I−)2] 
(Section 7.5.2). 
 
Figure 7.5.4.221A fragment of a 1D X-bond helix. Iodine atoms labelled I21, I8, I18, I21, 
I11, I23 and I15 are not involved in X-bonding with iodide ions, and are instead involved in 
weaker C-I···F interactions with 1,3,5-TITFB molecules of adjacent X-bond chains. 
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7.6 Co-crystallisation of [Ni(phen)3]I2  with IFBs 1,2-DITFB 
1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB 
 
The combinations of each of the four IFBs with [Ni(bpy)3]I2 produced co-crystals 
wherein the molecular components were involved in X-bonding interactions. The 
quality of the crystals produced in the presence of iodide were typically of better 
quality than those where chloride was the anion. The next co-crystallisations carried 
out included the combinations of each of the IFBs with [Ni(phen)3]I2 (refer to Figure 
7.1.1 for the chemical structure of the [Ni(phen)3]2+ ion). As the structures 
containing bpy ligands and phen ligands are similar in terms of chemical 
functionality, it follows that the supramolecular activity of the [Ni(phen)3]2+ ion is 
also similar to that of the [Ni(bpy)3]2+ ion. As with the bpy analogue, the 
[Ni(phen)3]2+ complex possesses the potential to form π-π interactions with IFB 
molecules. Additionally, crystal structures containing [Ni(phen)3]2+ ions typically 
exhibit multiple aryl embrace motifs similar to those observed for [Ni(bpy)3]2+. The 
two complexes are also very close in size. In fact, the similarities between the 
complexes is such that our research group has been able to co-crystallise [M(bpy)3]2+ 
and [M(phen)3]2+ complexes.b In the resulting crystal structures, the complexes are 
disordered over the same sites, meaning that the subtle differences between the 
complexes have little effect on the crystal structure. It was of interest to see whether 
the slight differences between the supramolecular profiles of [Ni(bpy)3]2+ and 
[Ni(phen)3]2+ ions would result in different crystal structures when co-crystallised 
with IFBs. The results of the co-crystallisations of 1,2-DITFB, 1,3-DITFB, 
1,4-DITFB and 1,3,5-TITFB with [Ni(phen)3]I2 are reported below. 
 
 
 
 
 
 
 
                                                 
b This work remains unpublished at the time of writing. 
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7.6.1 [Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH 
 
The attempt to co-crystallise 1,2-DITFB and [Ni(phen)3]I2 resulted in the formation 
of a crop of peach-coloured prismatic crystals; a photograph of which is shown in 
Figure 7.6.1.1. SCXRD revealed that these crystals were co-crystals with the formula 
[Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH. 
 
Figure 7.6.1.122The chemical structures of [Ni(phen)3]I2 and 1,2-DITFB, along with a 
photograph of the crystalline material produced by their co-crystallisation. Some crystals 
appear colourless in the photograph, however this is a product of the optical settings of the 
camera and the relative angle/thickness of the crystals. 
In the crystal structure of [Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH, monotopic and 
ditopic 1,2-DITFB molecules X-bond with a mixture of monotopic (I1) and ditopic 
(I2) iodide ions to form discrete 4-component supramolecular complexes (Figure 
7.6.1.2 (a)). [Ni(phen)3]2+ cations are arranged in columns. Within columns, pairs of 
adjacent complexes interact via offset-face-to-face π-π interactions (Figure 7.6.1.2 
(b)). Within a column, the distance between the metal centres of neighbouring 
complexes alternates between 10.20 and 10.24 Å. Discrete X-bonded complexes of 
1,2-DITFB and iodide ions separate the columns of complexes (Figure 7.6.1.2 (c)). 
This separation results in the distance between metal centres of adjacent columns 
being at least 11.87 Å. 
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Figure 7.6.1.223Structure: [Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH. (a) A discrete 
4-component X-bonded complex featuring both monotopic and ditopic components; (b) a 
column of metal complex cations; (c) A view of the crystal lattice oriented such that the 
direction of propagation of the columns of metal complex cations is perpendicular to the 
plane of the page (cations depicted in black for clarity). 
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7.6.2 [Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH 
[Ni(phen)3][(1,3-DITFB)3(I−)2] 
1,3-DITFB and [Ni(phen)3]I2 were combined in a MeOH solution. Pink, prismatic 
crystals formed prior to the evaporation of solvent overnight (Figure 7.6.2.1). These 
crystals were identified to be co-crystals of [Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH 
with the aid of SCXRD. This result suggests that the co-crystal form of these 
compounds is highly energetically favourable, as both compounds are soluble in 
MeOH. The initial experiment provided a quantity of 
[Ni(phen)3][(1,3-DITFB)2I2]⋅2MeOH insufficient for characterisation purposes. The 
experiment was therefore repeated on a larger scale. 
 
Figure 7.6.2.124The chemical structures of the molecular components and a photograph of 
the crystals formed. 
Crystals of [Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH are essentially isostructural with 
those of [Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH. The only significant 
difference is the presence of a solvated water molecule in the latter structure (refer to 
section 7.3.1 for the structural details of 
[Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH). We believe that the increased size 
of the iodide ion relative to the chloride ion prevents the accommodation of the 
solvated water molecule in the crystal lattice. Cl− is also a stronger H-bond acceptor 
than I−, and therefore is more likely to adsorb water into the crystal lattice. The 
shortest intra- and inter-chain metal-metal distances are 10.11 and 12.39 Å 
respectively. 
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7.6.2.1 Considerations of the differences in metal-metal spacings in 
isostructural structures 
[Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH and 
[Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH 
 
The metal-metal spacings found in the structure of 
[Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH (10.11 and 12.39 Å) are slightly longer than 
those found in the isostructural compound 
[Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH (10.00 and 12.08 Å). This is 
attributed to the elongation of X-bonds observed when switching from chloride to 
iodide. Elongation of X-bonds results in a slightly larger X-bond network. As the 
X-bond network is responsible for the separation of chains of metal complexes, this 
larger network results in greater metal-metal spacings. This effect has a larger impact 
on the spacings between metal complexes of adjacent chains (2.5% increase) than 
those within chains (1.1% increase), as the X-bond network does not play a major 
role in the spacing of complexes within chains. In this way, the choice of anion can 
provide a handle with which to finely tune the spacings between chains of metal 
complexes. Further discussion relating to this can be found in Section 6.5.4.  
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As mentioned, the co-crystallisation of [Ni(phen)3]I2 and 1,3-DITFB was repeated 
on a larger scale. While the ratio of components was kept at 1:2, the starting 
concentrations of both components were higher in this repeat experiment.  Rather 
than yielding crystals overnight as with the original co-crystallisation, the repeat 
experiment yielded fine crystalline material over the period of an hour. SCXRD 
revealed that the crystalline material contained co-crystals of a new phase, 
[Ni(phen)3][(1,3-DITFB)3(I−)2] (Figure 7.6.2.2). The primary factor to which this 
was attributed was the increase in the starting concentrations of solutes, as per 
discussions made in Section 7.5.2. 
 
 
Figure 7.6.2.225The structures of [Ni(phen)3]I2 and 1,3-DITFB together with a photograph 
of the powder-like crystalline material.  
 
There are two distinct X-bond motifs present in crystals of 
[Ni(phen)3][(1,3-DITFB)3(I−)2]. 1,3-DITFB molecules X-bond with iodide ions to 
form both linear chains as well as branched 1D chains (Figure 7.6.2.3 (a)), with the 
major difference between the two motifs being the topicity of the iodide X-bond 
acceptor. In the linear chain motif, iodide ions are ditopic (I2) and link two 
1,3-DITFB molecules through X-bonds. The branched 1D chain motif features 
tritopic iodide ions (I1) that connect three 1,3-DITFB molecules. Two of these 
1,3-DITFB molecules are ditopic, allowing for the propagation of infinite X-bond 
chains. The third 1,3-DITFB molecule is monotopic and makes up the “branch” 
component of the motif. Overlap of the X-bond chain motifs results in π-stacking 
interactions. X-bond chains form a framework that efficiently separates [Ni(phen)3]2+ 
ions to give a shortest metal-metal distance of 11.58 Å (Figure 7.6.2.3 (b)). 
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Figure 7.6.2.326Structure: [Ni(phen)3][(1,3-DITFB)3(I−)2]. An illustration depicting the two 
unique X-bond motifs found in crystals of [Ni(phen)3][(1,3-DITFB)3(I−)2]; (b) a perspective 
of the crystal lattice showing how the DITFB/halide ion X-bond framework effectively 
separates metal complex cations (cations shown in black for clarity). 
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7.6.3 [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] 
 
1,4-DITFB and [Ni(phen)3]I2 were co-crystallised from a slowly evaporating 
solution of MeOH. As observed in several other cases, crystals grew prior to the 
evaporation of the solvent (Figure 7.6.3.1). SCXRD analysis revealed that the pink, 
prismatic crystals were co-crystals of [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2]. 
 
 
Figure 7.6.3.127A photograph of co-crystals of [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] 
along with the chemical structures of the constituent molecular components.  
 
In crystals of  [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2], ditopic 1,4-DITFB 
molecules, ditopic (I7) and tritopic (I8) iodide ions and disordered MeOH molecules 
form pseudo 2D X-bonded sheets (Figure 7.6.3.2 (a)). Metal complexes are 
organised into pairs with a distance spanning 8.90 Å between metal centres (Figure 
7.6.3.2 (b)). The metal complexes of a pair interact via a combination of 
offset-face-to-face and edge to face interactions known as a parallel fourfold aryl 
embrace.[2] X-bond sheets efficiently separate each metal complex pair from 
neighbouring pairs, such that the closest metal to metal distance between complexes 
of adjacent pairs is 11.73 Å (Figure 7.6.3.2 (c)). 
2I
[Ni(phen)3]I2 
F F
I
FF
I
1,4-DITFB 
N
N
N
N
N
N
Ni
2
  Chapter 7 
 
247 
 
 
Figure 7.6.3.228Structure: [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2]. (a) A section of a 
pseudo 2D X-bonded sheet; (b) a pair of [Ni(phen)3]2+ cations feature a fourfold aryl 
embrace motif; (c) a view of the crystal lattice showing how pairs of cations (coloured as per 
(b)) are separated by the X-bonded framework. 
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7.6.4 [Ni(phen)3][(1,3,5-TITFB)2 (I−)2]⋅MeOH⋅H2O 
 
In order to co-crystallise 1,3,5-TITFB and [Ni(phen)3]I2, the compounds were first 
dissolved in separate volumes of MeOH. When the MeOH solutions were mixed, a 
precipitate formed almost immediately.c A similar result was described in Section 
7.5.4. The experiment was repeated with the components present in much lower 
concentrations. Pink prismatic crystals (Figure 7.6.4.1) formed over a period of an 
hour. SCXRD and PXRD were used to find that the structure of the pink crystalline 
material to be [Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O. 
 
 
Figure 7.6.4.129A diagram showing the structures of the molecular components together 
with a photograph of the co-crystals.  
 
In the structure of [Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O, both 1,3,5-TITFB 
molecules and iodide ions are tritopic. The geometry of the iodide ions is such that 
the resulting motif involves two interpenetrated 3D X-bond networks, one of which 
is shown in Figure 7.6.4.2 (a). Metal complexes are organised into groups of four 
(Figure 7.6.4.2 (b)), with edge-to-face and vertex-to-face π-interactions forming 
between complexes within these groups. The distances between metal centres of the 
cations in these groups alternate between 10.91 and 10.46 Å. These groups of cations 
reside within the voids in the organic X-bond framework (Figure 7.6.4.2 (c)). The 
shortest distance between metal ions from separate groups is 12.00 Å.  
 
                                                 
c Refer to Appendix F1 for a video of the mixing of solutions and the subsequent precipitation of 
co-crystals. 
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Figure 7.6.4.230Structure: [Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O. (a) A fragment of 
one of the 3D X-bonded networks; (b) A group of four metal complex cations interacting via 
π-π interactions; (c) A perspective illustration looking through a 3D network. Metal complex 
cations are coloured as per (b). 
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7.7 Co-crystallisation of [Ni(terpy-ph)2]I2  with IFBs 1,2-DITFB 
1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB 
 
As with those involving [Ni(bpy)3]I2, the combinations of each of the four IFBs with 
[Ni(phen)3]I2 resulted in X-bonded co-crystals.d In fact, every combination of a 
metal complex iodide salt with an IFB had resulted in a co-crystalline species. The 
success of these co-crystallisations inspired a further investigation: was there a limit 
to the size of the metal complex cation that could be encapsulated in X-bonding 
networks? The focus of this investigation was the co-crystallisation of each of the 
four IFBs with the metal complex bis(4ʹ-phenyl-2,2ʹ:6ʹ,2ʹʹ-terpyridine)nickel(II) 
iodide ([Ni(terpy-ph)2]I2, Figure 7.7.1). This complex was chosen as it is 
significantly larger than [Ni(bpy)3]I2 and [Ni(phen)3]I2 but retains similar chemical 
functionality. Therefore, it would serve as an ideal candidate with which to test 
whether X-bond networks could form around larger metal complex cations whilst 
minimising the introduction of other new supramolecular dynamics to the system. 
The results of this investigation are reported below. 
                                                 
d Despite the similarities in size and chemical nature of cations [Ni(bpy)3]2+ and [Ni(phen)3]2+, the 
structures resulting from their co-crystallisation with IFBs are markedly different (further discussions 
regarding this are made in Section 7.8.4). 
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Figure 7.7.131 [Ni(terpy-ph)2]I2 was to chosen to be co-crystallised with each of the four 
IFBs. 
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7.7.1 [Ni(terpy-ph)2][(1,2-DITFB)4(I−)2] 
1,2-DITFB and [Ni(terpy-ph)2]I2 were co-crystallised from an evaporating solution 
of MeOH. This produced a crop of yellow-brown needle-like crystals (Figure 
7.7.1.1). With the aid of SCXRD, these were found to be co-crystals of the formula 
[Ni(terpy-ph)2][(1,2-DITFB)4(I−)2].  
 
Figure 7.7.1.132The chemical structures of the components [Ni(terpy-ph)2]I2 and 
1,2-DITFB along with a photograph of co-crystals of [Ni(terpy-ph)2][(1,2-DITFB)4(I−)2]. 
In the structure of [Ni(terpy-ph)2][(1,2-DITFB)4(I−)2] X-bonds between 1,2-DITFB 
molecules and iodide ions result in X-bonded 1D tapes as shown in Figure 7.7.1.2 
(a). Iodide ions labelled I1 are tetratopic with a pseudo-tetrahedral geometry. Ions 
labelled I2 are ditopic with a bent geometry. Neighbouring tapes overlap to form 
π-interactions between 1,2-DITFB molecules. This results in the propagation of 2D 
supramolecular sheets in the ac plane (Figure 7.7.1.2 (b)). A multiple aryl embrace 
motif involving two offset-face-to-face and two edge-to-face π-π interactions assists 
in the assembly of [Ni(terpy-ph)2]2+ complexes into 1D chains. This motif is a 
commonly recurring packing feature of [M(terpy-ph)2]2+ complexes.[7]  The 
intrachain metal-metal distances are 10.43 Å (Figure 7.7.1.2 (c)). 2D sheets of 
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DITFB/I− X-bond tapes separate the metal complex chains such that the closest metal 
centres of neighbouring chains are spaced 14.39 Å apart Figure 7.7.1.2 (d). 
 
Figure 7.7.1.233Structure: [Ni(terpy-ph)2][(1,2-DITFB)4(I−)2]. (a) A 1D X-bond tape; (b) 
An illustration showing how π-stacking between adjacent X-bonded tapes results in 2D 
supramolecular sheets (one tape shown in red and one in blue, π-stacking highlighted in 
green); (c) A section of a 1D chain of [Ni(terpy-ph)2]2+ ions propagating through a multiple 
aryl embrace motif; (d) A view of the crystal lattice looking down the length of the 1D 
chains of [Ni(terpy-ph)2]2+ ions ([Ni(terpy-ph)2]2+ ions shown in black for clarity). 
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7.7.2 [Ni(terpy-ph)2][(1,3-DITFB)(I−)2] 
The co-crystallisation of 1,3-DITFB with [Ni(terpy-ph)2]I2 resulted in the growth of 
a crop of yellow-brown prismatic crystals prior to the evaporation of solvent (Figure 
7.7.2.1). SCXRD analysis revealed the crystals to be co-crystals of 
[Ni(terpy-ph)2][(1,3-DITFB)(I−)2]. 
 
Figure 7.7.2.134A diagram of the chemical structures of [Ni(terpy-ph)2]I2 and 1,3-DITFB 
are provided along with a photograph of the co-crystals.  
The crystal structure of [Ni(terpy-ph)2][(1,3-DITFB)(I−)2] features 1,3-DITFB 
X-bonded to two monotopic iodide ions to form discrete 3-component 
supramolecular complexes (Figure 7.7.2.2 (a)). These interact with one another 
through offset-face-to-face π-π interactions. [Ni(terpy-ph)2]2+ ions interact via two 
multiple aryl embrace motifs simultaneously: one involving two offset-face-to-face 
and two edge-to-face π-π  interactions while the other being an example of the 
commonly observed “terpy embrace” motif (1DTE).[8] The combination of these 
motifs results in 2D sheets of metal complexes that lie in the ac plane (Figure 7.7.2.2 
(b)). These sheets are similar to those observed by McMurtrie and Dance in the 
structure of [Ru(terpy-ph)2]Cl2·4(MeOH)H2O.[9] The spacings between metal 
centres of adjacent complexes alternate between 8.75 and 8.83 Å in one dimension 
and between 9.65 and 11.41 Å in the other, as illustrated in Figure 7.7.2.2 (b). The 
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2D sheets of metal complexes are separated by layers of the X-bonded complex 
[(1,3-DITFB)I2]2−. The closest intersheet metal-metal distance is 13.51 Å. 
 
Figure 7.7.2.235Structure: [Ni(terpy-ph)2][(1,3-DITFB)(I−)2]. (a) a discrete 3-component 
X-bond complex; (b) metal complex cations arranged in 2D sheets; (c) A perspective of the 
crystal lattice showing how 2D sheets of [Ni(terpy-ph)2]2+ cations are separated by the 
DITFB/halide X-bond complexes. 
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7.7.3 [Ni(terpy-ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O 
 
Co-crystallisation of 1,4-DITFB and [Ni(terpy-ph)2]I2 from a slowly evaporating 
MeOH solution yielded a batch of yellow-brown needle-like crystals (Figure 
7.7.3.1). With the use of SCXRD, these were identified to be co-crystals with the 
formula [Ni(terpy-Ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O 
 
 
Figure 7.7.3.136The chemical structures of 1,4-DITFB and [Ni(terpy-ph)2]I2 are provided 
together with a photograph of the co-crystals.  
 
In crystals of [Ni(terpy-Ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O, X-bonds 
form between molecules of 1,4-DITFB and iodide ions. Both components are 
ditopic. The acute angle across I···I−···I (ca. 72°) facilitates the formation of 1D 
X-bonded helices. Each helix is intertwined with another to form a supramolecular 
double helix, similar to that found in the structure of DNA. Figure 7.7.3.2 (a) 
displays this arrangement from a side-on view, where one helix is shown in red and 
the other in blue. Figure 7.7.3.2 (b) provides a perspective view down the axis of a 
double helix.  
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Figure 7.7.3.237Structure: [Ni(terpy-ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O. (a) 
A supramolecular double helix formed by X-bonding between 1,4-DITFB and iodide ions. 
One chain is shown in red and the other in blue. (b) A perspective illustration looking 
through an X-bonded double helix. 
[Ni(terpy-ph)2]2+ cations are arranged in 1D chains that propagate parallel to the 
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7.7.3.3 (a)). The distance between the metal atoms of adjacent complexes within 
these chains is 8.56 Å. The shortest distance between metal centres of complexes in 
adjacent chains is 10.91 Å. Iodide ions that are not involved in X-bonding are 
disordered in channels that run parallel to the a-axis. Figure 7.7.3.3 (b) displays a 
view of the crystal lattice looking down the a-axis. A channel occupied by disordered 
iodide ions is indicated by a green square. [Ni(terpy-ph)2]2+ cations are shown in 
black. Note that out of the 34 crystal structures reported in this thesis that contain 
halide ions and IFB molecules, this was the only structure where non-X-bonding 
halide ions were observed. It is this reliable X-bond accepting character that makes 
halide ions attractive as molecular components for X-bond mediated supramolecular 
design.  
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Figure 7.7.3.338Structure: [Ni(terpy-ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O. (a) 
[Ni(terpy-ph)2]2+ cations arranged in pillars propagating through the terpy embrace motif 
parallel to the a-axis; (b) the crystal lattice viewed down the axes of the chains of 
[Ni(terpy-ph)2]2+ cations and the X-bond double helices ([Ni(terpy-ph)2]2+ cations shown in 
black for clarity).  
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7.7.4 [Ni(terpy-ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O 
 
The co-crystallisation of 1,3,5-TITFB with [Ni(terpy-ph)2]I2 resulted in the growth 
of a crop of yellow-brown prismatic crystals (Figure 7.7.4.1). These were found to be 
co-crystals of  [Ni(terpy-ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O through the use of 
SCXRD.  
 
 
Figure 7.7.4.139The structures of the molecular components together with a photograph of 
co-crystals of [Ni(terpy-ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O. 
 
The crystal structure of [Ni(terpy-ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O features 
1,3,5-TITFB and pseudo-linear ditopic iodide ions connected by X-bonds in a 
zig-zag motif (Figure 7.7.4.2 (a)). Water molecules act as X-bond acceptors in an 
interaction involving 1,3,5-TITFB. [Ni(terpy-ph)2]+ ions are arranged in chains 
propagating in a 1DTE motif (Figure 7.7.4.2 (b)). These chains reside in rhombic 
channels that run through the organic X-bond framework, a recurring structural 
feature in the structures reported in Chapter 6 (Figure 7.7.4.2 (c)). Along these 
chains, metal centres are spaced 9.05 Å apart. The shortest interchain metal-metal 
distances are 12.10 Å. 
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Figure 7.7.4.240Structure: [Ni(terpy-ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O. (a) An 
excerpt of the X-bonded zig-zag chain motif; (b) An illustration showing chains of 
[Ni(terpy-ph)2]2+ cations arranged in 1DTE motif; (c) the crystal lattice viewed down the 
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axis of the 1D chains of [Ni(terpy-ph)2]2+ cations ([Ni(terpy-ph)2]2+ cations shown in black 
for clarity). 
7.8 Comparisons and discussions of results 
 
Co-crystallisations of twelve different combinations of metal complex iodide salt and 
IFB experiments were carried out. Remarkably, all twelve combinations produced 
co-crystals (Table 7.8.1). In every case, the crystal structure of the co-crystalline 
material featured metal complex cations encapsulated in an IFB/iodide X-bond 
framework. When this project was started, it was unclear whether or not IFBs and 
metal complex halides would co-crystallise at all. These surprising results indicate 
that not only is it possible for IFBs and metal complex halides to co-crystallise, but 
also that the methodology for doing so developed in this project is particularly 
robust. This discovery potentially opens a door to new world of possibilities for the 
alteration of the spatial arrangement of metal complexes in the crystalline state.  
 
Table 7.8.13Matrix of co-crystallisation experiments involving iodide ions as the X-bond 
acceptor. 
Co-crystallisation 
experiments involving 
the iodide ion 
[Ni(bpy)3]I2 [Ni(phen)3]I2 [Ni(terpy-ph)3]I2 
1,2-DITFB  X-bonded 
co-crystals 
X-bonded 
co-crystals 
X-bonded 
co-crystals 
1,3-DITFB X-bonded 
co-crystals 
X-bonded 
co-crystals 
X-bonded 
co-crystals 
1,4-DITFB X-bonded co-crystals 
X-bonded 
co-crystals 
X-bonded 
co-crystals 
1,3,5-TITFB X-bonded 
co-crystals 
X-bonded 
co-crystals 
X-bonded 
co-crystals 
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7.8.1 Crystal engineering considerations 
 
The usefulness of a methodology for crystal engineering is somewhat determined by 
the predictability of the crystal structures it produces. In order to assess the 
predictability of crystal structures afforded by the methodology presented herein, 
several investigations were made. First, does X-bond topology predictably affect the 
way that the metal complex cations are arranged in space? Second, is the X-bond 
topology predictable from the choice of IFB? Alternatively, does the size, shape and 
chemistry of the cation predictably affect the X-bond topology? These investigations 
along with relevant discussions are provided in the following sections. 
 
7.8.2 Effects of X-bond topology on the spatial arrangement of 
metal complexes cations 
 
The primary motivation behind the co-crystallisation of metal complex halides with 
IFBs was to develop a methodology with which the spatial arrangement of the metal 
complex cations in the crystal lattice could be controlled. We originally postulated 
that control over the topology of the X-bond network formed between the IFB 
component and the halide anion would provide some ability to deliberately modify 
the way the metal complexes would be arranged. For this to be true, the spatial 
arrangement of metal complexes would have to be somewhat predictable from the 
topology of the IFB/halide ion X-bond network. In order to determine whether this 
was the case for the structures reported, the X-bond topology of each structure was 
compared with the spatial arrangement of the metal complex cations in that structure. 
These parameters are provided in Table 7.8.2.1  
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Table 7.8.2.14X-bond topology and spatial arrangement of metal complex cations for each 
combination of metal complex and IFB. Combinations are listed according to topological 
complexity of X-bond motif. 
Combination 
X-bond topology 
Spatial 
relationship of 
metal complex 
cations 
Metal complex IFB 
[Ni(bpy)3]I2 1,2-DITFB 0D pseudo-rhombi 1D chains 
[Ni(phen)3]I2 1,2-DITFB 0D 4-component 
complexes 
1D chains 
[Ni(terpy-ph)2]I2 1,3-DITFB 0D 3-component 
complexes 
2D sheets 
[Ni(bpy)3]I2 1,3-DITFB 1D helical chains 1D chains 
[Ni(bpy)3]I2 1,3,5-TITFB 1D helical chains 1D chains 
[Ni(phen)3]Cl2 1,3-DITFB 1D waved chains 1D chains 
[Ni(phen)3]I2 1,3-DITFB 1D waved chains 1D chains 
[Ni(terpy-ph)2]I2 1,2-DITFB 1D tapes 1D chains 
[Ni(terpy-ph)2]I2 1,4-DITFB 1D double helical chains 1D chains 
[Ni(terpy-ph)2]I2 1,3,5-TITFB 1D zig-zag chains 1D chains 
[Ni(bpy)3]I2 1,3-DITFB 2D flat sheets separated 
[Ni(phen)3]Cl2 1,3,5-TITFB 2D rippled sheets 1D chains 
[Ni(phen)3]I2 1,4-DITFB pseudo 2D sheets pairs 
[Ni(phen)3]I2 1,3,5-TITFB 3D interpenetrated 
networks 
groups of four 
[Ni(phen)3]I2 1,3-DITFB mixed – 1D linear chains, 
1D branched linear chains 
separated 
[Ni(bpy)3]I2 1,4-DITFB complicated mixed 
topologies 
waved 1D chains 
[Ni(bpy)3]I2 1,4-DITFB mixed – 1D linear chains, 
1D branched linear chains, 
0D 3-component 
complexes 
branched 1D chains 
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The first point noted was that a variety of X-bond topologies were observed. These 
ranged from discrete 3 and 4 component X-bond complexes to 3D interpenetrated 
networks. This was not surprising, as although the nodal X-bond topologies of the 
IFB components are relatively predictable, halide ions are known to exhibit X-bond 
topicities from 0-8 and can form X-bonds in any direction. Some of the reported 
X-bond topologies are quite unique, for instance, the structure of 
[Ni(terpy-ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O exhibits a rare example 
of a double helix comprised of X-bond chains.[10]  
The second point to note is that metal complex cations typically arrange into 1D 
chains regardless of X-bond topology. These motifs form in the presence of a range 
of X-bond motifs, indicating that this is due to π-π interactions between metal 
complexes (particularly those which make up multiple aryl embraces) rather than 
being a product of the X-bond motifs present. It is expected that metal complexes 
that do not have the potential to form such attractive interactions in the solid state are 
likely to be arranged differently by IFB/halide networks. The co-crystallisation of 
IFBs with the halide salts of such complexes would be worthwhile future work. 
However, if it is desired that metal complex cations arrange into 1D chains within an 
X-bond framework, interactions that selectively form between complexes, such as 
multiple aryl embraces, should be incorporated into the design of the metal complex 
component.  
Although the 1D chain arrangement of metal complexes occurs in the presence of a 
variety of X-bond topologies, careful inspection of Table 7.8.2.1 reveals that all other 
arrangements observed (such as 2D sheets or pairs of complexes) occur in the 
presence of either 0D, 2D, 3D or mixtures of 1D X-bond topologies. Conversely, the 
only arrangements of metal complexes observed in structures containing 1D X-bond 
topologies are 1D chains. This indicates that if 1D X-bond topologies could be 
reliably engineered, one would have a means of predictably arranging metal 
complexes into 1D chains within an X-bond framework. 
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7.8.3 Impacts of the choice of IFB on X-bond topology 
 
In order to determine if and how the choice of IFB affects the X-bond topology, the 
topologies observed in each structure were tabulated for comparison (Table 7.8.3.1). 
This table provides an entry for each combination of IFB and metal complex 
co-crystallised. The first question addressed was: does the choice of IFB affect the 
X-bond topology? In order to answer this, the X-bond topologies exhibited by 
co-crystals containing the same metal complex but different IFBs were compared.  
 
Table 7.8.3.15X-bond topologies for each combination of IFB and metal complex 
co-crystallised. 
IFB [Ni(bpy)3]2+ [Ni(phen)3]2+ [Ni(terpy-ph)2]2+ 
1,2-DITFB 0D discrete pseudo-rhombi 
0D 4-component 
complexes 1D tapes 
1,3-DITFB 
a) 2D flat sheets 
b) 1D helical chains 
a) 1D waved chains (x2) 
b) mixed – 1D linear 
chains, 1D branched 
linear chains 
0D 3-component 
complexes 
1,4-DITFB 
a) complicated 
b) mixed – 1D linear 
chains, 1D branched 
linear chains, 0D 
3-component 
complexes 
pseudo 2D sheets 1D double helical chain 
1,3,5-TITFB 1D helical chain 
a) 2D rippled sheet 
b) 3D network 
1D zig-zag chain 
 
In the case of structures containing [Ni(bpy)3]2+ ions, significant variation in X-bond 
topology was found when different IFBs were employed. The use of 1,2-DITFB led 
to the formation of 0D tetramers; the use of 1,3-DITFB resulted in the assembly of 
molecules into 1D helical chains and a 2D flat sheet; in the case of 1,4-DITFB two 
complicated systems containing mixed X-bond topologies were observed and the 
presence of 1,3,5-TITFB resulted in the formation of 1D helical chains. The only 
similarity in X-bond topologies observed in systems containing [Ni(bpy)3]2+ ions 
were the 1D helical chains that formed in the presence of either 1,3-DITFB or 
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1,3,5-TITFB. This result indicates that similar X-bond topologies can be adopted by 
these two IFBs. This is logical given that both feature iodine atoms projected in 
directions separated by 120°. When the systems containing [Ni(phen)3]2+ cations 
were considered, markedly different X-bond topologies were observed for each IFB. 
The same can be said for the structures containing [Ni(terpy-ph)2]2+ cations. These 
results suggest that the choice of IFB significantly impacts the X-bond topology 
observed. This may not appear surprising, however many structures in Chapter 6 
contained the same overall arrangement of molecules despite the presence of 
different IFBs.  
To determine whether the choice of IFB predictably affects X-bond topology, 
comparisons of the systems containing [Ni(bpy)3]2+, [Ni(phen)3]2+ and 
[Ni(terpy-ph)2]2+ were made. Co-crystals containing 1,2-DITFB and [Ni(bpy)3]2+ 
resulted in the formation of discrete X-bonded complexes. Co-crystals of 1,2-DITFB 
and [Ni(phen)3]2+ also featured molecules organised in discrete X-bonded 
complexes, albeit in a different conformation. This result indicates that structures 
containing 1,2-DITFB have a tendency to exhibit discrete X-bond connectivity. 
Combinations involving 1,3-DITFB showed a slight preference for 1D X-bond 
topologies (four of six structures). Co-crystals of each of the three cations combined 
with 1,4-DITFB showed a range of unrelated X-bond topologies. Two of the three 
experiments involving a combination of 1,3,5-TITFB with a metal complex resulted 
in 1D X-bond complexes. The cases of [Ni(bpy)3][(1,3-DITFB)3(I−)2] / 
[Ni(bpy)3][(1,3-DITFB)2(I−)2] (Section 7.5.2), 
[Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH⋅0.5H2O / 
[Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O (Section 7.5.3) and 
[Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH / [Ni(phen)3][(1,3-DITFB)3(I−)2] (Section 
7.6.3) represent pairs of co-crystals that contain identical combinations of IFB and 
metal complex cation and yet exhibit different X-bonded topologies. These results 
indicate that while the type of IFB does affect X-bond topology, the topologies 
themselves remain relatively unpredictable from knowledge of the IFB present. This 
is contradictory to the conclusion made in Chapter 6, that X-bond topology was 
somewhat predictable given the geometry of the IFB used (Section 6.5.1). The 
structures described in Chapter 6 predominantly exhibited X-bonds that were 
approximately linear across I···Cl−···I whereas the structures reported in this chapter 
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display a wide variety of I···X−···I angles. We postulate that larger cations 
([Ni(bpy)3]2+, [Ni(phen)3]2+ and [Ni(terpy-ph)2]2+) cause the disruption of X-bond 
topologies with linear I···Cl−···I connections that were observed in the structures 
containing the smaller cations [DABCO-CH2X]+ and [TEA-CH2X]+ (X = Cl, Br). It 
should be noted that in the structures mentioned in Chapter 6 where linear I···Cl−···I 
connections were observed, the size of the cation was a relatively close match for 
that of the X-bond donor. In the structures reported in this chapter the metal complex 
cations are far greater in size than the IFB X-bond donors. It may be that this mis-
match in cation/donor size is causing more complicated X-bond networks to form. 
The utilisation of large donor molecules for co-crystallisations involving metal 
complex cations may lead to linear I···X−···I connections and hence more 
predictable X-bond motifs. 
It was found that co-crystallisations containing 1,3-DITFB or 1,3,5-TITFB most 
often exhibited 1D X-bond topologies. As mentioned earlier, systems exhibiting 1D 
X-bond topologies are most likely to also exhibit 1D chains of metal complexes. It 
therefore follows that if one desires to engineer a crystal in which cationic metal 
complexes are arranged in segregated 1D chains, a logical starting point would be to 
co-crystallise a halide salt of that complex with 1,3-DITFB or 1,3,5-TITFB. 
 
7.8.4 Impacts of the choice of metal complex cation on X-bond 
topology 
 
The results reported in this chapter suggest that in this type of system, X-bond 
topology is typically not predictable from the knowledge of the geometrical 
disposition of iodine atoms of the IFB present. It was of interest to determine 
whether or not the choice of metal complex cation has any predictable influence on 
X-bond topology. The X-bond topology observed in the crystal structure containing 
1,2-DITFB and the [Ni(bpy)3]2+ complex is a discrete rhombic supramolecular 
tetramer. Co-crystallisation of 1,2-DITFB with [Ni(phen)3]2+ and [Ni(terpy-ph)2]2+ 
resulted in zig-zag supramolecular tetramers and 1D X-bonded tapes respectively. 
From these structures, it could be said that there exists an increase in topological 
complexity as the size of the cation is increased. However, in the cases of 
1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB, a mixture of higher and lower degrees of 
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complexity are observed in the X-bond topologies for structures involving these IFBs 
and each of the three cationic metal complexes. The structures involving [Ni(bpy)3]2+ 
and [Ni(phen)3]2+ co-crystallised with the each of the four IFBs exhibit X-bond 
complexes of various dimensionalities with no obvious pattern. However, three of 
the four structures where [Ni(terpy)2]+ is combined with an IFB show 1D X-bond 
topologies. While it is not clear what the exact topology of the X-bond complexes 
will be given a certain metal complex cation, there appears to be a tendency for 1D 
X-bond networks to be formed when [Ni(terpy)2]+ is present. 
  
It is interesting to note that despite having similarities in the shape, size, and 
chemical functionality, the use of cations [Ni(bpy)3]2+ and [Ni(phen)3]2+ led to 
crystal structures with distinctly different X-bond topologies. For example, the 
combination of 1,3,5-TITFB with [Ni(bpy)3]I2 produced a structure with a 1D 
helical chain X-bond motif (Section 7.5.4) while co-crystallisation of the same IFB 
with [Ni(phen)3]I2 resulted in a structure featuring interpenetrated 3D X-bond 
networks (Section 7.6.4). This result indicates that X-bond topology is highly 
sensitive toward changes in the metal complex cation. It would be interesting to 
investigate whether even more subtle changes in the cation, such as the substitution 
of Ni(II) for other transition metals, would result in significant changes in X-bond 
topologies observed.  
 
7.8.5 Investigations into factors influencing metal-metal spacings 
 
In all of the structures featuring metal complexes arranged into groups (1D chains, 
2D sheets, pairs, branched chains), these groups are separated from each other by an 
IFB/halide X-bond framework. This results in shorter metal-metal distances between 
complexes within groups (intragroup metal-metal spacing) than between complexes 
in separate groups (intergroup metal-metal spacing). The efficiency an X-bond 
network shows in packing complexes tightly within groups whilst effectively 
separating groups from each other can be roughly expressed by the ratio of the 
intergroup metal-metal spacings to the intragroup metal-metal spacings. A bar graph 
was generated that compares the inter/intra-group ratios for each structure wherein 
metal complexes are arranged in segregated groups (chains, sheets, pairs) (Figure 
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7.8.5.1). It can be seen that the structures with 0D pseuodo rhombi, 1D helical chain 
and 1D tape topologies as well as a structure featuring mixed topologies exhibit 
relatively high ratios. This indicates that these topologies (or mixtures of topologies) 
are more efficient at tightly packing metal complex cations into segregated groups 
than other observed topologies.  
 
 
 
Figure 7.8.5.141The ratios of the intergroup metal-metal spacings to the intragroup 
metal-metal spacings for the X-bond topologies in each co-crystal structure. In this graph, 
the colour of the bars indicate the dimensionality of the X-bond topology (red 0D, green 1D, 
yellow 2D, blue 3D). Black bars indicate mixed topologies. Structures where metal 
complexes are not arranged in groups are omitted from this graph. 
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7.8.6 Considerations of the effects of the IFB:metal complex halide 
ratio on metal complex cation spacing.  
 
As mentioned, the majority of structures reported in this chapter feature metal 
complexes arranged in segregated groups (e.g. pairs, groups of four, 1D chains, 2D 
sheets). In just two of the co-crystals reported, individual metal complex cations are 
efficiently separated from one another (refer to Sections 7.5.2 and 7.6.2 for details of 
these structures). It can be seen from Table 7.8.6.1 that both of these co-crystals 
feature metal complex:IFB ratios of 1:3 and hence contain higher portions of IFB 
than most of the co-crystals (the most frequently occurring metal complex:IFB ratio 
is 1:2). The structure containing [Ni(phen)3]I2 and 1,3-DITFB in a ratio of 1:3 
features metal complex cations arranged in pairs rather than 1D chains. Conversely, 
the structure of containing [Ni(terpy-ph)2]I2 and 1,3-DITFB features a 1:1 ratio of 
components, which is the lowest in terms of IFB ratio of all the reported structures. 
This structure also is the only to feature metal complexes forming multiple aryl 
embrace motifs in two dimensions. These observations indicate that the greater the 
proportion of IFB to metal complex, the more likely that metal complex cations will 
be efficiently separated; while the lower the proportion of IFB to metal complex, the 
more likely the packing of metal complex cations will favour interactions between 
complexes, such as π-π interactions. As it has been demonstrated that one 
combination of IFB and metal complex halide can lead to multiple co-crystal phases, 
it is postulated that by modifying relative concentrations of each component in the 
crystallising solution, co-crystals with phases containing more or less IFB could be 
produced. If it is desired that metal complexes are to be well spaced from each other, 
the concentration of IFB should be higher than that of the metal complex. 
Alternatively, if attempting to engineer crystal structure such that intermolecular 
interactions form between complexes, the relative concentration of metal complexes 
should exceed that of the IFB component. Investigations into the effects of the 
variation of the relative concentrations of each component in the crystallising 
solution are therefore recommended as future work of this project.  
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Table 7.8.6.16Metal complex:IFB ratio and the spatial relationship of metal complex cations 
in co-crystals of each combination of metal complex and IFB reported. Entries are listed in 
order of increasing ratio of IFB in the crystals. 
Combination 
Metal complex : IFB 
ratio 
Spatial 
relationship of 
metal complex 
cations 
Metal complex IFB 
[Ni(terpy-ph)2]I2 1,3-DITFB  1:1 2D sheets 
[Ni(phen)3]Cl2 1,3-DITFB  1:2 1D chains 
[Ni(phen)3]Cl2 1,3,5-TITFB  1:2 1D chains 
[Ni(bpy)3]I2 1,2-DITFB  1:2 1D chains 
[Ni(bpy)3]I2 1,3-DITFB  1:2 1D chains 
[Ni(bpy)3]I2 1,4-DITFB  1:2 branched 1D chains 
[Ni(bpy)3]I2 1,3,5-TITFB  1:2 1D chains 
[Ni(phen)3]I2 1,2-DITFB  1:2 1D chains 
[Ni(phen)3]I2 1,3-DITFB  1:2 1D chains 
[Ni(phen)3]I2 1,3,5-TITFB  1:2 groups of four 
[Ni(terpy-ph)2]I2 1,4-DITFB  1:2 1D chains 
[Ni(terpy-ph)2]I2 1,3,5-TITFB  1:2 1D chains 
[Ni(bpy)3]I2 1,4-DITFB  2:5 waved 1D chains 
[Ni(bpy)3]I2 1,3-DITFB  1:3 separated 
[Ni(phen)3]I2 1,3-DITFB  1:3 separated 
[Ni(phen)3]I2 1,4-DITFB  1:3 pairs 
[Ni(terpy-ph)2]I2 1,2-DITFB  1:4 1D chains 
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7.8.7 Comparison of geometries of X-bonds with previously 
reported X-bonds 
 
A statistical survey of the CSD was conducted in order to compare the geometries of 
the X-bonds reported in this chapter (angle across Y-X···B and X···B distance) with 
those of previously reported X-bonds in crystalline materials. For comparison of the 
X-bonds involving chloride ion as the acceptor, the database was queried for 
intermolecular contacts between the iodine atom of any iodobenzene and a chloride 
ion that were shorter than the sum of the van der Waal’s radius of iodine and the 
Pauling’s ionic radius of chloride (a similar query was made in Section 5.1.1). The 
bond angles and lengths of the hits along with the geometries of the corresponding 
X-bonds reported in this chapter were plotted as a scatterplot (Figure 7.8.7.1 (a)). 
From the plot, it can be seen that the majority of known X-bonds of this type form 
with Y-X···B angles between 165 and 180° and over distances of 3 to 3.4 Å. Five of 
the six X-bonds reported herein (red squares) exhibited geometries falling inside 
these ranges and are therefore considered normal. The sixth interaction exhibits a 
smaller angle across C-I···Cl−. Reasons for this are not clear from the crystal 
structure, so it is inferred that crystal packing favours the slightly compressed angle 
in this particular case. There is an X-bond previously reported in the literature with a 
similar geometry (ca. 155°, 3.6 Å). This X-bond was found to be in competition with 
several H-bond interactions which are likely the cause for its unusual length and 
angle. A similar search was carried out to compare the geometries of the X-bond 
interactions involving the Ar-I···I− moiety with previously reported interactions. This 
search resulted in 73 hits, 5 of which were omitted due to the primary attractive force 
being coulombic iodonium+-iodide− interactions rather than that of conventional 
X-bonds. The scatterplot of the remaining data and the corresponding data reported 
in this thesis indicates that ‘normal’ bond lengths for this type of interaction range 
from 3.3 to 3.7 Å and that characteristic Y-X···B angles range from 165 to 180° 
(Figure 7.8.7.1 (b)). It is important to note that the data reported herein makes up 
more than 50% of the total data available for this interaction. Only one of the 
reported X-bonds exhibits geometries that fall significantly outside the normal 
ranges. This interaction (indicated on the scatterplot by a triangle rather than a 
square) is formed over a significantly longer distance. Investigation into the crystal 
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structure containing this anomaly revealed that it  involves two neutral iodine atoms 
(rather than an iodine atom and an iodide ion).e As neutral iodine atoms are weaker 
X-bond acceptors than iodide ions, the attractive forces between the atoms are 
weaker, resulting in a longer optimal X···B bond length. If the geometries of this 
interaction are compared with those of the similar interactions plotted in Figure 
5.4.1.1 (b), it can be seen that they fall into the normal ranges for 
Ar-I···I interactions. 
 
                                                 
e This X-bond interaction is found in the structure of [Ni(terpy-ph)2][(1,2-DITFB)4(I−)2] (Section 
7.7.4). 
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Figure 7.8.7.142Scatterplots comparing the geometries of reported X-bonds with the results 
of a survey of the CSD. (a) X-bonds involving the Ar-I···Cl− moiety; (b) X-bonds involving 
the Ar-I···I− moiety. 
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8. MODULATION OF THE SPIN-CROSSOVER BEHAVIOUR 
OF A TRANSITION METAL COMPLEX BY 
ENCAPSULATION IN AN X-BONDED NETWORK 
 
8.1 An introduction to spin-crossover 
 
As mentioned in Section 1.5, metal complexes exhibit a diverse range of physical 
properties. Many of these properties are sensitive to electronic environment and thus 
changes in the crystal structure of a metal complex material can result in changes in 
the physical properties of that material. If one can control the crystal structure, these 
physical properties may be tuned. One of the most widely studied of these physical 
properties is spin-crossover.[1] Spin-crossover is a process where the spin state of a 
metal complex is changed as a result of an external perturbation (e.g. temperature or 
pressure). In this context, spin state refers to the configuration of the electrons in the 
d orbital of the metal centre. A spin-crossover event represents a change from 
low-spin to high-spin or from high-spin to low-spin. This change in spin state is 
accompanied by a structural change (metal-ligand bond lengths) and a change in the 
magnetic moment. For spin-crossover to occur, the metal ion must have an 
octahedral geometry with an valence electron configuration of d4 to d7. Figure 8.1.1 
(a) features a diagram showing the ligand field splitting of an octahedral d6 complex. 
Each horizontal line represents an electron orbital. For a single orbital to contain two 
electrons, there is an associated energy cost called the pairing energy (PE). The eg 
orbitals are at a slightly higher energy level than the t2g orbitals. If the energy 
required to pair electrons of opposite spin in a single orbital is lower than the amount 
of energy required to elevate an electron to the higher energy eg orbital (∆o , Figure 
8.1.1 (a)) the complex will be in the low spin state. If the PE is greater than ∆o, the 
complex will be in the high spin state. If the PE and ∆o are almost equal in 
magnitude, perturbations such as temperature or pressure can result in a change of 
spin state. As spin state affects other properties such as magnetism and colour, 
spin-crossover materials have potential applications in data storage devices and 
optical displays.[2] When the spin state of a metal complex is sensitive to 
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temperature, measurements of the magnetic susceptibility are made at different 
temperatures using instrumentation such as a superconducting quantum interference 
device (SQUID) and are plotted vs. temperature. As ∆o is typically greater than the 
pairing energy, the high spin state of a material is usually associated with higher 
temperatures and low spin states with lower temperatures. As there are more 
unpaired electrons in the high spin state, the magnetic moment and hence the 
magnetic susceptibility of the complex is greater when it is high spin. Therefore, a 
crossover from low spin to high spin is typically observed as an increase in magnetic 
susceptibility as temperature is increased. A transition from low spin to high spin is 
also accompanied by a lengthening of metal-ligand coordinate bonds, as occupation 
of the higher energy d-orbitals (eg orbitals in an octahedral coordination geometry) 
causes repulsion of the ligand. For this reason it also is possible to monitor a spin 
transition using XRD techniques. The plot of magnetic susceptibility vs. temperature 
for one of the first examples of spin-crossover reported in a synthetic iron(II) system, 
[Fe(bpy)2(NCS)2], is provided in Figure 8.1.1 (b). The steep region k between 200 
and 250 K represents the spin-crossover event. 
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Figure 8.1.11(a) Illustration of the electronic configurations for the high and low spin states 
of a d6 transition metal ion in an octahedral ligand field. (b) A plot of magnetic susceptibility 
(y-axis) vs. temperature (x-axis) for complex [Fe(bpy)2(NCS)2].  
 
This thesis involves the investigation of the spin-crossover behaviour of Co(II) 
complexes. While the spin transition of Co(II) is similar to that of Fe(II), there are 
some key differences. First, as Co(II) is a d7 metal ion rather than d6, only a single 
electron is promoted from the t2g orbitals to the eg orbitals (i.e. LS = 1 rather than LS 
= 2 for Fe(II)).  For Co(II), a transition from the low spin state to the high spin state 
results in a change of one to three unpaired electrons. Therefore the spin only 
magnetic moment is therefore expected to change from 1.73 to 3.87 upon a complete 
low spin to high spin transition (however this is not directly observed due to 
temperature dependence of μeff). Second, as only a single electron is moved to and 
from the eg orbitals, the change in metal-ligand bond lengths as a result of spin-
crossover are less pronounced than they are in Fe(II) spin-crossover events (ca. 0.08 
Å vs. ca. 0.16 Å respectively).  
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In Figure 8.1.1 the slope of k indicates the abruptness of the transition between spin 
states. The slope of k depends on the degree of cooperativity that exists between the 
transitioning molecules. Cooperative spin transitions are observed when the 
structural changes associated with the transition are efficiently transmitted from one 
molecule to the next. The efficiency of this transmittance is increased when metal 
complexes are packed closely together in a material, a feature which is most often 
observed in systems where strong intermolecular interactions (e.g. coordinate bonds, 
H-bonds or π-π interactions) exist between molecules.[2] For example, consider the 
group of spin-crossover compounds of the formula [Fe(NCS)2(PM-R)2] (PM = 
(N-(2ʹ-pyridylmethylene))). When R is an aryl group, the crystal structures of these 
compounds feature the same basic packing motif, in which neighbouring complexes 
are linked via intermolecular interactions of the form Ar-H···S, involving a hydrogen 
atom of PM-R in one complex and the κN-thiocyanate ligand of another (Figure 
8.1.2). The lengths of these contacts depend on the identity of R, and the distance 
between metal complexes is governed by the lengths of the intermolecular contacts. 
It has been shown both experimentally and theoretically that there is a linear 
correlation between the lengths of the Ar-H···S interactions (and hence the distance 
between complexes) and the abruptness of the spin transition observed for these 
compounds, such that compounds with shorter interactions (and hence shorter 
distances between complexes) have more rapid transitions.[2-3] Current applications 
of spin-crossover materials favour sharp spin transitions. Conversely, when 
spin-crossover compounds are dissolved in solution, gradual and even linear 
transitions are observed. This magnetic behaviour is often referred to as 
spin-equilibrium rather than spin-crossover. For further information the reader is 
directed to Chapter 5 of the book “Spin-Crossover Materials: Properties and 
Applications” by Malcolm Halcrow.[2]  
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Figure 8.1.22An excerpt from the low spin crystal structure of [Fe(NCS)2(PM-biphenyl)2] 
[RONPIT08]. The Ar-H···S contacts that result in cooperativity enhancement are 
highlighted.  
8.2 Encapsulation of bis(2,2ʹ:6ʹ,2ʹʹ-terpyridine)cobalt(II) iodide 
in X-bonded networks 
 In Section 7, it was shown that it is possible to alter the crystal structure of halide 
metal complex salts through co-crystallisation with IFBs. It was of interest to 
investigate whether the resulting materials would exhibit physical properties different 
to the properties of materials constituted of the pure metal complex component. 
Bis(2,2';6',2"-terpyridine)cobalt(II) iodide ([Co(terpy)2]I2) is a known spin-crossover 
complex,[4] which features similar ligands to those possessed by the metal complexes 
used in investigations reported in Section 7, as well iodide ions to assist in X-bond 
network formation. Crystal structures containing [M(terpy)2]2+ ions commonly 
exhibit multiple aryl embrace packing motifs between ions.[5] In order to investigate 
the impacts of X-bond encapsulation of the spin-crossover behaviour of 
[Co(terpy)2]I2, the complex was co-crystallised with 1,3-DITFB, and 1,3,5-TITFB. 
X-bonded co-crystals were observed in each case. Investigations into the magnetic 
behaviour were carried out on co-crystals [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] 
and [Co(terpy)2][(1,3,5-TITFB)(I−)2]. The synthesis and structural details of these 
co-crystals are provided below. Some discussion is withheld until a later section. 
Details regarding the characterisation of these compounds (PXRD and elemental 
analysis) as well as further details concerning their synthesis are provided in Section 
4.1.  
Fe 
S 
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N 
Fe 
H 
‘R’ substituent 
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Chapter 8 
282 
 
8.2.1 [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] 
 
Co-crystals of [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] were originally grown from 
an evaporating solution of MeOH containing [Co(terpy)2]I2·2H2O and 1,3-DITFB in 
a 1:2 ratio (Figure 8.2.1). The experiment was repeated using a 1:3 ratio of 
[Co(terpy)2]I2·2H2O and 1,3-DITFB to obtain a pure sample (refer to Section 
4.1.2.8.1 for characterisation details). 
 
 
Figure 8.2.1.13Co-crystallisation of [Co(terpy)2]I2·2H2O with 1,3-DITFB resulted in the 
formation of brown co-crystals of [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2].  
 
In the crystal structure of [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2], 1,3-DITFB and 
iodide ions X-bond in two motifs: a branched 1D linear chain and a 1D linear chain 
(Figures 8.2.2 (a) and (b) respectively). These motifs overlap such that π-stacking 
interactions form between molecules of 1,3-DITFB (blue square in Figure 8.2.2 (b)). 
The “branching” 1,3-DITFB molecules X-bond to the oxygen atom of a MeOH 
molecule in addition to the 1,3-DITFB/iodide X-bond chain backbone. The resulting 
framework efficiently separates metal complexes from one another, such that the 
closest Co2+ ions are spaced 12.174 Å apart (Figure 8.2.2 (c)). These spacings are 
long in comparison to the metal-metal spacings found in the crystal structure of the 
pure complex of 8.749 Å. It is important to note that in this structure, there are no π-π 
interactions between metal complex cations.  
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Figure 8.2.1.24An illustration showing the two X-bond motifs found in co-crystals of 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2]: (a) 1D branched linear chains and (b) 1D linear 
chains. (c) The framework efficiently separates metal complexes (black) from each other.  
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8.2.2 [Co(terpy)2][(1,3,5-TITFB)(I−)2]  
 
[Co(terpy)2]I2·2H2O and 1,3,5-TITFB were co-crystallised from an evaporating 
solution of MeOH. Total evaporation of solvent yielded brown crystals of two 
distinct habits (Figure 8.2.2.1). SCXRD indicated that the block-shaped crystals were 
co-crystals of [Co(terpy)2][(1,3,5-TITFB)(I−)2] and the needle-like crystals 
[Co(terpy)2][(1,3,5-TITFB)4(I−)2]·MeOH.  
 
 
Figure 8.2.2.15 The co-crystallisation of [Co(terpy)2]I2·2H2O with 1,3,5-TITFB resulted in 
the formation of both block-shaped and needle-like brown crystals.  
 
Methods were pursued for attaining each crystalline phase in its pure form so that 
subsequent analysis would be meaningful. The experiment was repeated with a 1:1 
ratio of components (matching the ratio of components in crystals of 
[Co(terpy)2][(1,3,5-TITFB)(I−)2]) under a microscope fitted with a camera. 
Time-lapse photography of the repeat experiment revealed that the block-shaped 
crystals grew prior to solvent evaporation Figure 8.2.2.2 (a-d) and that the 
needle-like crystals grew as the last of the solvent evaporated Figure 8.2.2.2 (e).a The 
experiment was repeated and a pure sample of [Co(terpy)2][(1,3,5-TITFB)(I−)2] was 
collected prior to the complete evaporation of MeOH. Crystals of 
[Co(terpy)2][(1,3,5-TITFB)4(I−)2 ]·MeOH were not isolated for magnetic 
measurements and are not discussed further in this thesis. 
                                                 
a The time-lapse photography images are available in the form of a video on the CD 
provided with this thesis (Appendix F2). 
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Figure 8.2.2.26Five photographs of the co-crystallisation of [Co(terpy)2]I2·2H2O with 
1,3,5-TITFB taken at different intervals during the process. Each photo is shown in along 
with the time at which they were taken relative to the starting of the experiment. Needle-like 
crystals grow only as the last of the solvent evaporated (e).  
 
 
 
 
 
In the structure of [Co(terpy)2][(1,3,5-TITFB)(I−)2], tritopic 1,3,5-TITFB molecules 
X-bond with both monotopic (I1) and ditopic (I2) iodide ions. An angle of 124.15° 
across I···I−···I results in waved 1D X-bond chains (Figure 8.2.2.3 (a)). Cations are 
arranged in 1D chains that propagate through a multiple aryl embrace that is not 
commonly observed in structures containing [M(terpy)2]x± complexes (Figure 8.2.2.3 
(b)).[5] Metal-metal distances within these chains are 7.65Å. A query of the CSD 
revealed that these are the shortest distances between metal centres of any 
[M(terpy)2]x± complex out of the 92 structures containing [M(terpy)2]x± units in the 
CSD (x = -∞ – ∞). The next closest metal-metal distances of this type recorded in the 
CSD were found in the crystal structure of the neutral complex 
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bis(2,2ʹ:6ʹ,2ʹʹ-terpyridine)tungsten and were 8.28 Å.[6] Therefore, the metal-metal 
distances in the structure of [Co(terpy)2][(1,3,5-TITFB)(I−)2] are a staggering 7.5% 
shorter than those of this type in any other structure recorded in the CSD. This 
remarkable result indicates that the X-bond network in the structure of 
[Co(terpy)2][(1,3,5-TITFB)(I−)2] must apply significant chemical pressure on 
[Co(terpy)2]2+ ions causing them to pack closer together than what is normally 
observed. The TITFB/iodide X-bond chains overlay one another to form hexagonal 
channels (blue hexagon in Figure 8.2.2.3 (c)). These channels are occupied by 1D 
chains of cations (red square in Figure 8.2.2.3 (c)). The shortest distances between 
metal centres of cations in adjacent 1D chains are 11.67Å. 
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Figure 8.2.2.37Structure: [Co(terpy)2][(1,3,5-TITFB)(I−)2]. (a) A 1D wave-like X-bond 
chain; (b) cations arrange into 1D chains propagating through multiple aryl embraces; (c) the 
TITFB/I− X-bond framework separates 1D chains of cations (cations shown in black for 
clarity).  
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8.3 Investigation of the spin-crossover behaviour of co-crystalline 
materials involving [Co(terpy)2]2+ ions encapsulated in 
X-bonded networks 
 
From the crystal structures, it was found that the distances between metal centres 
decrease in the order [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] > [Co(terpy)2]I2 > 
[Co(terpy)2][(1,3,5-TITFB)(I−)2]. This suggested that these compounds were likely 
to exhibit a spread of cooperativity levels, with [Co(terpy)2][(1,3,5-TITFB)(I−)2] 
being the most cooperative and [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] the least. 
This series of compounds was therefore an ideal case study for the investigation of 
the spin-crossover behaviour of X-bond framework cation encapsulation materials. 
Samples of each were sent to Monash University, where measurements of magnetic 
susceptibility were made under the supervision of Professor Keith Murray.  
 
8.3.1 Spin-crossover behaviour of [Co(terpy)2]I2 
 
Variable temperature magnetic measurements have been reported for the complex 
[Co(terpy)2]I2 and its various hydrates on several occasions. In 1967, Judge et al. 
reported measurements of the magnetic susceptibility of the ‘monohydrated’ 
complex between 15 and 300 K and of the anhydrous complex between 15 K and 
350 K (Figure 8.3.1.1 (a)). These measurements indicated that [Co(terpy)2]I2 
compounds exhibit a gradual spin-crossover transition.[7] Two years later, Harris and 
co-workers reported the magnetic susceptibility of the ‘dihydrate’ salt as it was 
heated to 470 K and found that strange behaviour occurred at approximately 430 K 
which was rationalised by molecular decomposition.[4b] Much later (1983), Figgis et 
al. reported magnetic measurements along with a crystal structure of the dihydrate 
salt. The dataset reported by Figgis was in close agreement with that collected by 
Harris, both of which reflected lower values of magnetic permeability (μeff) than data 
presented by Judge et al. Due to the number of reported hydrates and the age of the 
results, we decided to re-investigate the spin-crossover character of 
[Co(terpy)2]I2·nH2O. PXRD indicated that the material we had prepared was of the 
same crystalline phase as that measured by Figgis et al., i.e. the dihydrate salt. The 
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magnetic susceptibility of [Co(terpy)2]I2·2H2O was recorded using a SQUID from 2 
to 350 K. The sample was first cooled to 2 K. Measurements were then taken during 
this cooling process and then again as the sample was gradually warmed to 350 K. At 
around 340 K, a sharp increase in the magnetic susceptibility (χMT) was observed. 
Interestingly, this was not reported in any of the pre-existing literature. We attributed 
this to the loss of solvated water molecules. In order to confirm this, SCXRD 
analysis was conducted on a crystal of pure [Co(terpy)2]I2·2H2O that had been 
heated at 400 K for an hour, which revealed an anhydrous crystal structure of the 
compound. This inference was further supported by thermal gravimetric analysis of 
the compound which showed that a loss of approximately 5% of sample weight 
occurred over the temperature range of 300-370 K (see Appendix G1). Further 
magnetic measurements were then taken as the sample was re-cooled and warmed. A 
plot of these data is provided in Figure 8.3.1.1 (b). The magnetic behaviour of the 
anhydrous material differed from the hydrated sample. [Co(terpy)2]I2·2H2O and 
[Co(terpy)2]I2 exhibit gradual spin transitions with room temperature magnetic 
susceptibilities of 1.3 and 1.7 cm3 mol−1 K respectively.  
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Figure 8.3.1.18Variable temperature magnetism measurements of [Co(terpy)2]I2 reported in 
the literature (a)[4b, 7] and made by Keith Murray on behalf of the author (b). In (a), magnetic 
susceptibility is reported in terms of the related parameter μeff (magnetic permeability).  
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8.3.2 Spin-crossover behaviour of 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] 
 
The magnetic susceptibility of [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] was 
recorded under similar conditions (Figure 8.3.2.1). The spin-crossover for this 
co-crystalline compound occurs even more gradually than in the anhydrous parent 
compound, indicating a lower degree of cooperativity in the former. This can be 
rationalised in terms of crystal packing. In crystals of the parent compound 
[Co(terpy)2]I2, neighbouring metal complexes interact through multiple aryl 
embraces to form 2D sheets. These sheets resemble a grid-like array of complexes, 
with metal ions spaced 8.75 Å apart. In the structure of 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2], the shortest metal-metal distances are 
12.174 Å and no π-π interactions exist between adjacent complexes. As cooperativity 
is increased by the close proximity of metal complexes, crystals of  [Co(terpy)2]I2 
should therefore exhibit a greater degree of cooperativity than co-crystals of 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2]. Also, 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] is essentially purely low spin for 
temperatures below 175K. This is markedly different behaviour than that exhibited 
by the anhydrous parent compound, where the population of the high spin state 
began to increase at as low as 30 K. This result indicates that the crystal packing 
along with the presence of 1,3-DITFB and MeOH in the crystal lattice stabilises the 
low spin state. The data for the SCXRD structure determination were collected at ca. 
173 K. At this temperature the compound would have been essentially purely low 
spin according to the magnetic susceptibility measurements. Examination of the Co-
N bond lengths reveals that the complex is compressed, with axial bonds (1.878, 
1.896 Å, mean 1.887 Å) being significantly shorter than the equatorial bonds (2.036, 
2.041, 2.098, 2.109 Å mean 2.071 Å). Compression is characteristic of low spin 
Co(II) complexes as they exhibit strong Jahn-Teller distortions due to the single 
unpaired electron in the eg orbitals.[8]    
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Figure 8.3.2.19Plot of magnetic susceptibility vs. temperature for 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2]. The gradual change in proportions of high and low 
spin centres (as evident by straight line) is indicative of low cooperativity.  
 
A similar experiment was carried out on co-crystals of 
[Co(terpy)2][(1,3,5-TITFB)(I−)2] (Figure 8.3.2.2). Unlike with compounds 
[Co(terpy)2]I2 and [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2], this co-crystalline 
compound exhibited a relatively sharp change in magnetic susceptibility at around 
60 K. This result is indicative of a higher level of cooperativity than the former 
compounds. This is reflected in the crystal packing of 
[Co(terpy)2][(1,3,5-TITFB)(I−)2], which features metal complexes packed more 
tightly together than in either [Co(terpy)2]I2 or 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2]. Rapid decreases in magnetic susceptibility 
such as this can be accompanied by a phase change in the sample, as was 
demonstrated by Garcia et al. for the compound [Fe(phy)2](ClO4)2 (phy = 
1,10-phenanthroline-2-carbaldehyde-phenylhydrazone).[9] Data collection for 
SCXRD structure determination was carried out at ca. 173 K, meaning the crystal 
structure features high spin essentially only [Co(terpy)2]2+ complexes according to 
the magnetic susceptibility measurements. The average equatorial and axial Co-N 
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bond lengths are 2.153 and 2.025 Å respectively. The average equatorial bond length 
is ≈ 0.08 Å longer than that observed in the structure of 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] where the complex is in the low spin state. 
The difference between the average axial bond lengths in the two structures 
[Co(terpy)2][(1,3,5-TITFB)(I−)2] and [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] is 
more pronounced than the difference associated with the equatorial bond lengths 
(≈ 0.14 vs. ≈ 0.08 Å) which is characteristic for the structural differences between 
high spin and low spin Co(II) terpy complexes.[8a] Therefore, the SCXRD structural 
data agrees with the magnetic susceptibility data about what spin state the complexes 
are in at the temperature at which the SCXRD data were collected at. The 
determination of the crystal structure of [Co(terpy)2][(1,3,5-TITFB)(I−)2] at a 
temperature below 50 K would aid the understanding of the magnetic behaviour of 
this compound, however this has not yet been carried out. Also unlike the other 
compounds investigated, [Co(terpy)2][(1,3,5-TITFB)(I−)2] remained essentially 
100% high spin for most of the temperature range investigated. This is the opposite 
scenario to what was observed for the compound 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] where the low spin state was stabilised. 
Reasons for this are not clear, however if a phase change does occur at ca. 60 K, 
identification of the crystal structure of the low temperature phase will provide 
further insight. Interestingly, even at low temperatures, the population of the low spin 
state does not rise above 50%. This is not uncommon in spin-crossover chemistry. As 
well as phase changes, structural frustration can prevent complete spin-crossover. It 
may also be the case that only one Co centre crossover or that a single centre 
undergoes only partial spin-crossover.[8] 
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Figure 8.3.2.210Plot of magnetic susceptibility vs. temperature for 
[Co(terpy)2][(1,3,5-TITFB)(I−)2]. The abrupt change in magnetic susceptibility at ca. 60 K 
indicates a high level of cooperativity in the sample. Interestingly, the sample remains in the 
high spin state at temperatures above 150 K, whereas 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] featured a stabilised low spin state.  
 
It is clear that the inclusion of metal complexes in IFB/halide frameworks is highly 
influential on spin-crossover behaviour. The results suggest that when the X-bond 
framework separates metal complexes from one another, cooperativity is low, and 
gradual spin transitions can be expected. Alternatively, an increase in cooperativity 
can be achieved if the X-bond framework results in tighter packing of metal 
complexes than what is observed in the crystals of the pure metal complex. It was 
shown in Chapter 7 that when the stoichiometric ratio of IFB to metal complex in a 
co-crystal is higher, the metal complexes are more likely to be efficiently separated 
from one another. Conversely, if the IFB:metal complex ratio is lower, the metal 
complexes are likely to be pack tightly together. It was mentioned in Section 7.8.6 
that it is possible that the ratio of IFB in co-crystals could be modulated by 
increasing or decreasing the concentration of IFB relative to metal complex in the 
crystallising solution. This methodology could therefore potentially provide a means 
μ e
ff /
 μ
B 
Temp / K 
High spin state 
Rapid change in 
magnetic susceptibility 
at T ca. 60 K 
  Chapter 8 
295 
 
to tune the spin-crossover properties of a metal complex. Further investigations of 
systems of this nature are required for a thorough understanding of crystal 
packing/magnetic behaviour correlations of these materials. The conclusions drawn 
from the analysis of the structures reported in the previous chapter will then assist in 
the engineering of crystalline materials that exhibit desirable spin-crossover 
properties (sharp spin transitions). In addition to spin-crossover, other physical 
properties exhibited by metal complexes such as luminescent and non-linear optical 
properties may also be affected by the encapsulation of metal complex cations in 
IFB/halide frameworks. The continued development of this approach toward the 
controlled assembly of metal complex cations in crystalline materials is therefore 
recommended.  
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9. CONCLUSIONS 
 
Iodofluorobenzenes 1,2-DITFB, 1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB were 
co-crystallised with a range of X-bond acceptors including tertiary amines DABCO 
and HMTA, several quaternary amines produced in situ using the Menshutkin 
reaction, as well as chloride and/or iodide salts of [Ni(bpy)3]2+, [Ni(phen)3]2+, 
[Ni(terpy-ph)2]2+ and [Co(terpy)2]2+. In all cases where co-crystallisation occurred, 
X-bonding between the components was observed. This thesis describes 39 novel 
crystal structures of co-crystalline compounds obtained. 
 
When this project was started, there were few known crystal structures containing 
either 1,2-DITFB (6), 1,3-DITFB (5) or 1,3,5-TITFB (21) in comparison to the 
number containing 1,4-DITFB (>90). Thus, relatively little was known about their 
behaviour as X-bond donors. Crystal packing analysis of the structures obtained 
featuring these iodofluorobenzenes (10 featuring 1,2-DITFB, 13 featuring 
1,3-DITFB and 8 featuring 1,3,5-TITFB) provides useful information to the existing 
pool of knowledge regarding their X-bonding character. First, the abundance of 
different co-crystalline materials obtained featuring these compounds involved in 
X-bonding demonstrates that they are reliable X-bond donors, just as 1,4-DITFB has 
been shown to be. Second, when challenged with neutral nitrogen based X-bond 
acceptors, 1,2-DITFB, 1,3-DITFB and 1,3,5-TITFB show a tendency for 
unsaturation in the supramolecular sense. This is detrimental to the predictability of 
X-bond topology in these systems. However, this tendency is not observed when the 
X-bond acceptor is a halide ion. Reasons for this are not clear, however it may be 
that the strength of halide ions as X-bond acceptors is such that X-bonds formed are 
robust enough overcome other weak intermolecular interactions and play an 
influential role in crystal packing, whereas weaker neutral nitrogen-based acceptors 
are only able to form X-bond interactions with iodine atoms where favourable crystal 
packing arising through other intermolecular interactions allows.  
 
Crystal packing analyses indicated that all four IFB molecules investigated are 
inclined to form offset-face-to-face π-stacking interactions in addition to X-bonds. 
Common π-stacking motifs feature the molecules oriented such that steric repulsion 
Chapter 9 
 
298 
 
of iodine atoms is minimised. These π-stacking interactions often form between units 
of the primary X-bond topology (e.g. between 1D X-bond chains, 2D X-bond nets, 
etc.), thus providing a handle for predicting how individual X-bonded 
supramolecular units will assemble relative to one another. The predictable influence 
of π-stacking between IFBs is well demonstrated by the formation of virtually 
identical arrays of molecules in 7 of the 13 crystal structures obtained through the 
use of the Menshutkin reaction. Additionally, this set of structures demonstrates the 
importance of considering alternate design routes when attempting to construct a 
desired supramolecular architecture. As the main focus of this thesis was directed 
toward X-bonding, comparably little attention has been cast toward the investigation 
of the influence of π-stacking on the crystal structures. In order to investigate the role 
π-stacking plays in crystal packing several variations to the current set of 
experiments could be made. First, it was noted that one reason why π-stacking 
between IFB molecules was so prevalent in the structures in Chapters 5 and 6 is that 
there were no other planar molecular components present to compete with. 
Substitution of the aliphatic components (DABCO, TEA, HMTA) with planar, 
aromatic X-bond acceptors that could compete with IFB molecules for π-π 
interactions would provide interesting comparisons with the structures formed with 
aliphatic building blocks. Second, the potential for π-π interactions could be removed 
from the system altogether by incorporating non-planar X-bond donors in place of 
the IFBs. Comparison of the structures resulting from this change would provide and 
insight into the importance of π-π interactions such as π-stacking on the crystal 
structures. It is recommended that investigations into this are carried out as future 
work.  
 
A new method is reported for the production of X-bonded co-crystals where the 
Menshutkin reaction is used to synthesise the X-bond acceptor in situ. When 
DABCO was dissolved in DCM in the presence of an IFB, co-crystalline material 
was obtained which contained the quaternary ammonium salt [DABCO-CH2Cl]Cl 
X-bonded with IFB through the chloride ion. TEA was also successfully reacted with 
both DCM and DBM producing [TEA-CH2Cl]Cl and [TEA-CH2Br]Br respectively. 
These reactions were carried out in the presence of one of the four X-bond donors 
1,2-DITFB, 1,3-DITFB, 1,4-DITFB and 1,3,5-TITFB, and in each case co-crystals 
featuring X-bond connections were obtained. These crystal structures feature IFB 
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molecules and halide ions arranged in X-bond networks that encapsulate quaternary 
ammonium cations. These results confirm that the use of the Menshutkin reaction for 
the production of X-bonded co-crystals is a versatile technique, as it has been carried 
out using two different tertiary amines (DABCO and TEA), four IFB X-bond donors 
and two different haloalkanes (DCM and DBM). In all cases, crystalline products of 
suitable quality for X-ray analysis were obtained, with most cases offering phase 
pure material in reasonable yield. The reactions and subsequent crystallisations were 
carried out in sealed vials under atmospheric conditions without any external 
stimulation. The Menshutkin reaction has therefore been shown to be an efficient, 
convenient and versatile method of producing X-bonded co-crystalline substances. It 
was found that this methodology produced crystals more rapidly when more reactive 
components were present DBM > DCM, DABCO > TEA. This result suggests that 
the rate of crystallisation may be dependent on the rate of reaction of the amine. The 
reaction of DBM with DABCO in the presence of the IFBs is recommended as future 
work to better determine the effect of changing the anion and cation size in these 
systems.   
 
Principles gathered from the analysis of the structures obtained using the Menshutkin 
reaction methodology were applied to discover and develop a novel method for the 
X-bond mediated crystal engineering of a series of metal complexes. It was found 
that IFBs and the metal complex halides [Ni(bpy)3]I2, [Ni(phen)3]Cl2, [Ni(phen)3]I2, 
[Ni(terpy-ph)2]I2 and [Co(terpy)2]I2 reliably form co-crystals featuring X-bond 
networks involving the IFB (donor) and the halide ions (acceptor) that encapsulate 
the metal complex cation. In fact, every co-crystallisation attempted where iodide 
was present as the metal complex counterion resulted in the formation of co-crystals. 
This demonstrates that this methodology is particularly robust. It must be noted that 
co-crystallisation occurs despite the fact that both the IFB component and the metal 
complex component can crystallise well individually. In some cases, co-crystalline 
material precipitated almost immediately upon mixing solutions of the molecular 
components. These results indicate that interaction between the components is highly 
energetically favourable. Furthermore, cations as large as [Ni(terpy-ph)2]2+ have 
been shown to be reliably encapsulated in X-bond networks comprised of IFBs and 
halide ions. Considering the differences between results obtained through the use of 
chloride ions as the X-bond acceptor and those obtained when iodide ions were used, 
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it would be worthwhile future work to investigate the employment of the bromide ion 
in these systems. Structures obtained would no doubt provide interesting 
comparisons with the analogous chloride and iodide systems. Additionally, it would 
be interesting to investigate the use of non-halide anions in these systems. For 
example, NO3 and ClO4 are known X-bond acceptor anions and could potentially 
provide different directionality to that provided by halide ions.  
 
The structures obtained through the use of the Menshutkin reaction and those 
containing metal complexes are similar in that they are both comprised of IFB/halide 
X-bond networks that encapsulate cations. Structures involving the relatively small 
quaternary ammonium cations DABCO-CH2Cl+, TEA-CH2Cl+ or TEA-CH2Br+ 
typically feature linear, ditopic halide ions. Therefore, X-bond topology of these 
systems is reasonably predictable from knowledge of the geometric disposition of 
iodine atoms possessed by the IFB component: the use of 1,2-DITFB and 1,3-DITFB 
result in 1D zig-zag topologies with 60° and 120° vertices respectively, the use of 
1,4-DITFB results in a 1D linear topology and the use of 1,3,5-TITFB gives a 2D 
honeycomb topology. Conversely, halide ions displaying a wide variety of topicities 
and molecular geometries are observed in X-bond networks that encapsulate metal 
complex cations. The metal complex cations that were used for these investigations 
are larger than quaternary ammonium cations DABCO-CH2Cl+, TEA-CH2Cl+ and 
TEA-CH2Br+. This indicates that encapsulation of larger cations requires more 
complicated X-bond connectivity than that of smaller cations. The result of this is 
that specific X-bond network topology is relatively unpredictable from the choice of 
IFB when larger cations are present. 
 
When using the methodologies presented herein to produce co-crystals where 
X-bond networks encapsulate cations, it is important to consider the intermolecular 
interacting functionalities present on the periphery of the cation. In the structure of 
(TEA-CH2Br)3[(1,2-DITFB)2(Br−)3], the bromine atom of the quaternary 
ammonium cation acts as a donor in an X-bond interaction with a bromide ion. This 
results in a structure that is markedly different to the structure containing the 
chlorinated analogue, wherein the cation does not partake in X-bonding. This result 
demonstrates that the change from Cl to Br increases the X-bond donor strength of 
the cation to the extent that it directly participates in X-bonding which is heavily 
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influential on the crystal structure. In the majority of structures containing metal 
complex cations encapsulated in IFB/halide X-bond networks, the metal complex 
cations are arranged in columns regardless of the topology of the network. It appears 
that π-interactions between metal complexes are responsible for this molecular 
organisation, rather than X-bonding between IFBs and halides. It is believed that 
metal complex cations that do not form such intermolecular interactions would be 
arranged differently in these systems, and that in such systems, the X-bond network 
topology would play a more influential role in the organisation of cations. An 
investigation into the co-crystallisation of the halide salts of supramolecularly inert 
cationic metal complexes with IFBs is thus recommended as future work.  
 
Although the differences in size/shape of DABCO-CH2X+ (X = Cl) and TEA-CH2Y+  
(Y = Cl/Br) appear to have little effect on the crystal structures formed in the 
majority of cases, the significant differences in the structures of 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 and 
TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] demonstrate that under the right conditions, slight 
variations in size/shape of the cation can result in very different X-bond topologies. 
It appears that when larger cations are present (such as the metal complexes 
investigated) X-bond topology is more sensitive to small changes in the metal 
complex. This is demonstrated in the wide variety of X-bond network topologies 
observed in structures containing cations [Ni(bpy)3]2+ and [Ni(phen)3]2+, which are 
similar in size and shape. Therefore, when designing supramolecular architectures of 
this type, it is important to consider slight changes in cation size and shape. As 
pointed in Section 7.8.3, it may be that the use of X-bond donors that match the size 
of the metal complex may lead to X-bond networks with greater predictability. It is 
recommended that such investigations are carried out as future work. It would be 
worthwhile to investigate whether other subtle changes made in the cation, such as 
changes in the metal centre, would have an impact on the X-bond network formed. 
The substitution of chloride ions for bromide ions in the structures obtained through 
the use of the Menshutkin reaction does not have a significant effect on the overall 
arrangement of molecules. However, as the length of X-bonds of the form C-I···X 
increases in the order X = Cl− > Br− > I−, the sizes of the rhombic channels formed in 
these structures are slightly larger when bromide ions are used. The structures of 
co-crystals arising from the combination of 1,3-DITFB and [Ni(phen)3]X2 (X = Cl− 
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or I−) are isostructural, and feature columns of [Ni(phen)3]2+ ions separated by an 
X-bond network involving 1,3-DITFB molecules and halide ions. The X-bonds 
present in the structure containing iodide ions are longer than those in the structure 
containing chloride ions which results in a slightly greater separation of columns of 
metal complex cations in the iodide structure. These results demonstrate that the 
choice of halide ion is a handle with which IFB/halide X-bond networks can be 
finely tuned without causing significant changes in the overall crystal structure. 
 
In the structure of [(1,2-DITFB)4HMTA]1,2-DITFB, one of the 1,2-DITFB 
molecules does not form X-bonds with neighbouring molecules but is a part of a 
π-stacking network. As mentioned in Section 5.4.3, it would be interesting as future 
work to investigate whether other aromatic molecules of similar size and shape (e.g. 
toluene, benzene) could be incorporated into the lattice in place of the this 
1,2-DITFB molecule. This could be carried out simply by repeating the experiment 
in the presence of or in neat solutions of these small aromatic molecules. The 
substitution of 1,2-DITFB for other molecules in this space would demonstrate the 
robustness of the crystal structure and highlight the potential for these compounds in 
various host-guest chemistry applications. To expand on this, it would be worthwhile 
to repeat all of the experiments carried out in this thesis under these conditions to 
determine whether or not the incorporation of potential π-stacking guest molecules in 
the crystal structures is a general phenomenon. 
 
Co-crystalline materials involving [Co(terpy)2]2+ ions encapsulated in IFB/iodide ion 
X-bond networks exhibit different spin-crossover behaviour than that of pure 
[Co(terpy)2]I2. In the structure of [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2], 
individual cations are separated from one another by the X-bond framework. This 
compound exhibits a gradual spin transition as temperature is changed, which 
indicates a low degree of cooperativity. Conversely, the structure of 
[Co(terpy)2][(1,3,5-TITFB)(I−)2], which features metal complexes packed more 
tightly than in any crystal structure containing a [M(terpy)2]2+ species in the CSD, 
exhibits an abrupt spin transition, which is indicative of a system of high 
cooperativity. Structures with high ratios of IFB to metal complex show a tendency 
to efficiently separate metal complexes. Conversely, structures with higher metal 
complex/IFB ratios favour the close packing of metal complexes. It has been shown 
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that co-crystals where metal complexes are spread apart exhibit markedly different 
spin-crossover properties than those where the complexes are packed tightly 
together. Therefore, investigations into the preparation of co-crystals with a variety 
of IFB:metal complex ratios are highly recommended as future work. Such 
investigations are likely to succeed, as a tendency for the growth of multiple 
crystalline phases in these systems has been observed.  
 
Further investigation is essential to understand the impacts of encapsulation of metal 
complexes in X-bond networks and associated crystal packing effects on 
spin-crossover behaviour. This work could also be expanded by investigating how 
other physical properties, such as luminescence or non-linear optical properties, are 
affected by X-bond network encapsulation.  
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Appendix B: Crystallographic Information Files 
 
Crystallographic information files (.CIF files) are included in electronic format on 
the CD provided with this thesis. Files are labelled according to the corresponding 
numbers shown in Table B1. 
 
Table B1: Electronic format CIF File name reference table. 
Structure File Name (.cif) 
[(1,2-DITFB)2DABCO] B1 
DABCO-CH2Cl[(1,2-DITFB)(Cl−)] B2 
[(1,2-DITFB)4HMTA]1,2-DITFB B3 
(TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O B4 
TEA-CH2Cl[(1,2-DITFB)(Cl−)] B5 
TEA-CH2Cl[(1,2-DITFB)2(Cl−)] B6 
(TEA-CH2Br)3[(1,2-DITFB)2(Br−)3] B7 
[Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O B8 
[Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH B9 
[Ni(terpy-Ph)2][(1,2-DITFB)4(I−)2] B10 
[(1,3-DITFB)2DABCO] B11 
[(1,3-DITFB)DABCO] B12 
(DABCO-CH2Cl)4[(1,3-DITFB)3(Cl−)4] B13 
[(1,3-DITFB)2HMTA] B14 
TEA-CH2Cl[(1,3-DITFB)(Cl−)] B15 
TEA-CH2Br[(1,3-DITFB)(Br−)] B16 
[Ni(phen)3][(1,3-DITFB)2(H2O)(Cl−)2]·2MeOH B17 
[Ni(bpy)3][(1,3-DITFB)3(I−)2] B18 
[Ni(bpy)3][(1,3-DITFB)2(I−)2] B19 
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[Ni(phen)3][(1,3-DITFB)2(I−)2]⋅2MeOH B20 
[Ni(phen)3][(1,3-DITFB)3(I−)2] B21 
[Ni(terpy-Ph)2][(1,3-DITFB)(I−)2] B22 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] B23 
DABCO-CH2Cl[(1,4-DITFB)(Cl−)] B24 
TEA-CH2Cl[(1,4-DITFB)(Cl−)] B25 
TEA-CH2Br[(1,4-DITFB)(Br−)] B26 
[Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·0.5H2O B27 
[Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O B28 
[Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] B29 
[Ni(terpy-ph)2]2[(1,4-DITFB)3(I−)3](I−)·0.5MeOH·0.5H2O B30 
[(1,3,5-TITFB)2DABCO] B31 
(DABCO-CH2Cl)3[(1,3,5-TITFB)2(Cl−)3]⋅CHCl3 B32 
TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] B33 
(TEA-CH2Br)3[(1,3,5-TITFB)2(Br−)3]⋅CH2Br2 B34 
[Ni(phen)3][(1,3,5-TITFB)2(Cl−)2] B35 
[Ni(bpy)3][(1,3,5-TITFB)2(I−)2]  B36 
[Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O B37 
[Ni(terpy-Ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O B38 
[Co(terpy)2][(1,3,5-TITFB)(I−)2] B39 
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Appendix C: Powder X-ray Diffraction Patterns 
 
Table C1: List of appendix sections for the PXRD patterns of each compound characterised. 
Structure Appendix 
[(1,2-DITFB)2DABCO] C1 
DABCO-CH2Cl[(1,2-DITFB)(Cl−)] C2 
[(1,2-DITFB)4HMTA]1,2-DITFB C3 
(TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O C4 
TEA-CH2Cl[(1,2-DITFB)2(Cl−)] C5 
(TEA-CH2Br)3[(1,2-DITFB)2(Br−)3] C6 
[Ni(bpy)3][(1,2-DITFB)2(I−)2]⋅H2O C7 
[Ni(phen)3][(1,2-DITFB)2(I−)2]⋅MeOH C8 
[Ni(terpy-Ph)2][(1,2-DITFB)4(I−)2] C9 
[(1,3-DITFB)2DABCO] C10 
[(1,3-DITFB)2HMTA] C11 
TEA-CH2Cl[(1,3-DITFB)(Cl−)] C12 
TEA-CH2Br[(1,3-DITFB)(Br−)] C13 
[Ni(bpy)3][(1,3-DITFB)2(I−)2] C14 
[Ni(phen)3][(1,3-DITFB)3(I−)2] C15 
[Ni(terpy-Ph)2][(1,3-DITFB)(I−)2] C16 
[Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] C17 
DABCO-CH2Cl[(1,4-DITFB)(Cl−)] C18 
TEA-CH2Cl[(1,4-DITFB)(Cl−)] C19 
TEA-CH2Br[(1,4-DITFB)(Br−)] C20 
[Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·0.5H2O C21 
[Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O C22 
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[Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] C23 
[(1,3,5-TITFB)2DABCO] C24 
TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] C25 
(TEA-CH2Br)3[(1,3,5-TITFB)2(Br−)3]⋅CH2Br2 C26 
[Ni(bpy)3][(1,3,5-TITFB)2(I−)2]  C27 
[Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O C28 
[Ni(terpy-Ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O C29 
[Co(terpy)2][(1,3,5-TITFB)(I−)2] C30 
[Ni(bpy)3]Cl2·6.5H2O C31 
[Ni(phen)3]Cl2·7.5H2O C32 
[Co(terpy)2]I2·2H2O] C33 
 
 
 
Appendix C1: PXRD pattern of [(1,2-DITFB)2DABCO] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.1.1.1. 
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Appendix C2: PXRD pattern of DABCO-CH2Cl[(1,2-DITFB)(Cl−)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.1.1.2. 
 
 
Appendix C3: PXRD pattern of [(1,2-DITFB)4HMTA]·1,2-DITFB (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.1.2.1. 
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Appendix C4: PXRD pattern of (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.1.3.1. 
 
 
Appendix C5: PXRD pattern of TEA-CH2Cl[(1,2-DITFB)2(Cl–)] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.1.3.3. 
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Appendix C6: PXRD pattern of (TEA-CH2Br)3[(1,2-DITFB)2(Br–)3] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.1.3.4. 
 
 
Appendix C7: PXRD pattern of [Ni(bpy)3][(1,2-DITFB)2(I–)2]⋅H2O (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.1.4.1. 
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Appendix C8: PXRD pattern of [Ni(phen)3][(1,2-DITFB)2(I–)2]⋅MeOH (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.1.5.1. 
 
 
 
 
Appendix C9: PXRD pattern of [Ni(terpy-Ph)2][(1,2-DITFB)4(I–)2] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.1.6.1. 
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Appendix C10: PXRD pattern of [(1,3-DITFB)2DABCO] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.2.1.1. 
 
 
 
 
Appendix C11: PXRD pattern of [(1,3-DITFB)2HMTA] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.2.2.1. 
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Appendix C12: PXRD pattern of TEA-CH2Cl[(1,3-DITFB)(Cl–)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.2.3.1. 
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Appendix C13: PXRD pattern of TEA-CH2Br[(1,3-DITFB)(Br–)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.2.3.2. 
 
 
Appendix C14: PXRD pattern of [Ni(bpy)3][(1,3-DITFB)2(I−)2] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.2.5.2. 
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Appendix C15: PXRD pattern of [Ni(phen)3][(1,3-DITFB)3(I−)2] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.2.6.2. 
 
Appendix C16: PXRD pattern of [Ni(terpy-Ph)2][(1,3-DITFB)(I−)2] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.2.7.1. 
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Appendix C16: PXRD pattern of [Co(terpy)2][(1,3-DITFB)3(MeOH)(I−)2] (blue) compared 
to pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.2.8.1. 
 
 
Appendix C18: PXRD pattern of DABCO-CH2Cl[(1,4-DITFB)(Cl−)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.3.1.1. 
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Appendix C19: PXRD pattern of TEA-CH2Cl[(1,4-DITFB)(Cl
−)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.3.2.1. 
 
 
Appendix C20: PXRD pattern of TEA-CH2Br[(1,4-DITFB)(Br−)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.3.2.2. 
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Appendix C21: PXRD pattern of [Ni(bpy)3]2[(1,4-DITFB)5(I−)4]⋅0.33MeOH·0.5H2O (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.3.3.1. 
 
 
Appendix C22: PXRD pattern of [Ni(bpy)3]3[(1,4-DITFB)8(I−)6]⋅MeOH·4.5H2O (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.3.3.2. 
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Appendix C23: PXRD pattern of [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5(I−)2] (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.3.4.1. 
 
 
Appendix C24: PXRD pattern of [(1,3,5-TITFB)2DABCO] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.1.4.1.1. 
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Appendix C25: PXRD pattern of TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.4.2.1. 
 
 
 
Appendix C26: PXRD pattern of (TEA-CH2Br)3[(1,3,5-TITFB)2(Br−)3]⋅CH2Br2 (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.4.2.2. 
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Appendix C27: PXRD pattern of [Ni(bpy)3][(1,3,5-TITFB)2(I−)2] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.4.4.1. 
 
 
Appendix C28: PXRD pattern of [Ni(phen)3][(1,3,5-TITFB)2(I−)2]⋅MeOH⋅H2O (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.4.5.1. 
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Appendix C29: PXRD pattern of [Ni(terpy-Ph)2][(1,3,5-TITFB)2(H2O)2(I−)2]⋅2H2O (blue) 
compared to pattern simulated from SCXRD data (red). Other characterisation details found 
in Section 4.1.4.6.1. 
 
 
Appendix C30: PXRD pattern of [Co(terpy)2][(1,3,5-TITFB)(I−)2] (blue) compared to 
pattern simulated from SCXRD data (red). Other characterisation details found in Section 
4.1.4.7.1. 
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Appendix C31: PXRD pattern of [Ni(bpy)3]Cl2·6.5H2O (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.3.1. 
 
 
Appendix C32: PXRD pattern of [Ni(phen)3]Cl2·7.5H2O (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.3.2. 
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Appendix C33: PXRD pattern of [Co(terpy)2]I2·2H2O] (blue) compared to pattern 
simulated from SCXRD data (red). Other characterisation details found in Section 4.3.9. 
Appendix D: Raman Spectra 
 
Table D1: List of appendix sections for the Raman spectra of each compound characterised. 
Structure Appendix 
1,2-DITFB D1 
1,3-DITFB D2 
1,4-DITFB D3 
1,3,5-TITFB D4 
TEA D5 
DABCO D6 
[(1,2-DITFB)2DABCO] D7 
DABCO-CH2Cl[(1,2-DITFB)(Cl−)] D8 
[(1,2-DITFB)4HMTA]1,2-DITFB D9 
0 5 10 15 20 25 30 35 40
°2θ (Kα = 1.54056 (Cu)) 
Experimental
Simulation
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(TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O D10 
TEA-CH2Cl[(1,2-DITFB)(Cl−)] D11 
TEA-CH2Cl[(1,2-DITFB)2(Cl−)] D12 
[(1,3-DITFB)2DABCO] D13 
(DABCO-CH2Cl)4[(1,3-DITFB)3(Cl−)4] D14 
[(1,3-DITFB)2HMTA] D15 
TEA-CH2Cl[(1,3-DITFB)(Cl−)] D16 
TEA-CH2Cl[(1,4-DITFB)(Cl−)] D17 
[(1,3,5-TITFB)2DABCO] D18 
TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] D19 
 
 
Appendix D1: Raman Spectrum of 1,2-DITFB. The section where C-I stretching bands are 
located (150 to 300 cm−1) is expanded. 
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Appendix D2: Raman Spectrum of 1,3-DITFB. The section where C-I stretching bands are 
located (150 to 250 cm−1) is expanded. 
 
Appendix D3: Raman Spectrum of 1,4-DITFB. The section where C-I stretching bands are 
located (100 to 200 cm−1) is expanded. 
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Appendix D4: Raman Spectrum of 1,3,5-TITFB. The section where C-I stretching bands are 
located (100 to 250 cm−1) is expanded. 
 
 
 
 
Appendix D5: Raman Spectrum of TEA. 
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Appendix D6: Raman Spectrum of DABCO. 
 
 
 
Appendix D7: Raman Spectrum of [(1,2-DITFB)2DABCO]. The section where C-I 
stretching bands are located (150 to 300 cm−1) is expanded. The C-I stretching bands 
exhibited by [(1,2-DITFB)2DABCO] (blue) are compared with those exhibited by 
1,2-DITFB (red). 
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Appendix D8: Raman Spectrum of DABCO-CH2Cl[(1,2-DITFB)(Cl−)]. The section where 
C-I stretching bands are located (150 to 300 cm−1) is expanded. The C-I stretching bands 
exhibited by DABCO-CH2Cl[(1,2-DITFB)(Cl−)] (blue) are compared with those exhibited 
by 1,2-DITFB (red). 
 
 
 
Appendix D9: Raman Spectrum of [(1,2-DITFB)4HMTA]1,2-DITFB. The section where 
C-I stretching bands are located (150 to 300 cm−1) is expanded. The C-I stretching bands 
exhibited by [(1,2-DITFB)4HMTA]1,2-DITFB (blue) are compared with those exhibited by 
1,2-DITFB (red). 
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Appendix D10: Raman Spectrum of (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O. The 
section where C-I stretching bands are located (150 to 300 cm−1) is expanded. The C-I 
stretching bands exhibited by (TEA-CH2Cl)3[(1,2-DITFB)2(Cl−)3]⋅4H2O (blue) are 
compared with those exhibited by 1,2-DITFB (red). 
 
 
Appendix D11: Raman Spectrum of TEA-CH2Cl[(1,2-DITFB)(Cl−)]. The section where C-I 
stretching bands are located (150 to 300 cm−1) is expanded. The C-I stretching bands 
exhibited by TEA-CH2Cl[(1,2-DITFB)(Cl−)] (blue) are compared with those exhibited by 
1,2-DITFB (red). 
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Appendix D12: Raman Spectrum of TEA-CH2Cl[(1,2-DITFB)2(Cl−)]. The section where 
C-I stretching bands are located (150 to 300 cm−1) is expanded. The C-I stretching bands 
exhibited by TEA-CH2Cl[(1,2-DITFB)2(Cl−)] (blue) are compared with those exhibited by 
1,2-DITFB (red). 
 
 
Appendix D13: Raman Spectrum of [(1,3-DITFB)2DABCO]. The section where C-I 
stretching bands are located (150 to 250 cm−1) is expanded. The C-I stretching band 
exhibited by [(1,3-DITFB)2DABCO] (blue) is compared with that which is exhibited by 
1,3-DITFB (red). 
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Appendix D14: Raman Spectrum of (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl−)4]. The 
section where C-I stretching bands are located (150 to 250 cm−1) is expanded. The C-I 
stretching band exhibited by (DABCO-CH2Cl)4[(1,3-DITFB)3(Cl−)4] (blue) is compared 
with that which is exhibited by 1,3-DITFB (red). 
 
 
Appendix D15: Raman Spectrum of [(1,3-DITFB)2HMTA]. The section where C-I 
stretching bands are located (150 to 250 cm−1) is expanded. The C-I stretching band 
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exhibited by [(1,3-DITFB)2HMTA] (blue) is compared with that which is exhibited by 
1,3-DITFB (red). 
 
 
Appendix D16: Raman Spectrum of TEA-CH2Cl[(1,3-DITFB)(Cl−)]. The section where C-I 
stretching bands are located (150 to 250 cm−1) is expanded. The C-I stretching band 
exhibited by TEA-CH2Cl[(1,3-DITFB)(Cl−)] (blue) is compared with that which is exhibited 
by 1,3-DITFB (red). 
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Appendix D17: Raman Spectrum of TEA-CH2Cl[(1,4-DITFB)(Cl−)]. The section where C-I 
stretching bands are located (100 to 200 cm−1) is expanded. The C-I stretching bands 
exhibited by TEA-CH2Cl[(1,4-DITFB)(Cl−)] (blue) are compared with those exhibited by 
1,4-DITFB (red). 
 
 
Appendix D18: Raman Spectrum of [(1,3,5-TITFB)2DABCO]. The section where C-I 
stretching bands are located (100 to 250 cm−1) is expanded. The C-I stretching band 
exhibited by [(1,3,5-TITFB)2DABCO] (blue) is compared with that which is exhibited by 
1,3,5-TITFB (red). 
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Appendix D19: Raman Spectrum of TEA-CH2Cl[(1,3,5-TITFB)(Cl−)]. The section where 
C-I stretching bands are located (100 to 250 cm−1) is expanded. The C-I stretching band 
exhibited by TEA-CH2Cl[(1,3,5-TITFB)(Cl−)] (blue) is compared with that which is 
exhibited by 1,3,5-TITFB (red). 
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Appendix E: Nuclear Magnetic Resonance Spectra 
 
Table B1: List of appendix sections for NMR spectra. 
Compound / Combination Nucleus analysed Appendix 
1,3-DITFB 13C E1 
1,3,5-TITFB 13C E2 
1,2-DITFB and [DABCO-CH2Cl]Cl 1H E3 
1,2-DITFB and [DABCO-CH2Cl]Cl 13C E4 
1,2-DITFB and [TEA-CH2Cl]Cl 1H E5 
1,2-DITFB and [TEA-CH2Cl]Cl 13C E6 
1,3,5-TITFB and [DABCO-CH2Cl]Cl 1H E7 
1,3,5-TITFB and [DABCO-CH2Cl]Cl 13C E8 
1,3,5-TITFB and [TEA-CH2Cl]Cl 1H E9 
1,3,5-TITFB and [TEA-CH2Cl]Cl 13C E10 
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Appendix E1: 13CNMR (CDCl3) spectrum of 1,3-DITFB. 
 
 
Appendix E2: 13CNMR (CDCl3) spectrum of 1,3,5-TITFB. 
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Appendix E3: 1HNMR (D6-DMSO) spectrum of 1,2-DITFB and 
[DABCO-CH2Cl]Cl. 
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Appendix E4: 13CNMR (D6-DMSO) spectrum of 1,2-DITFB and 
[DABCO-CH2Cl]Cl. 
Chapter 10 
344 
 
         
8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
 
Appendix E5: 1HNMR (D6-DMSO) spectrum of 1,2-DITFB and [TEA-CH2Cl]Cl. 
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Appendix E6: 13CNMR (D6-DMSO) spectrum of 1,2-DITFB and [TEA-CH2Cl]Cl. 
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Appendix E7: 1HNMR (D6-DMSO) spectrum of 1,3,5-TITFB and 
[DABCO-CH2Cl]Cl. 
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Appendix E8: 13CNMR (D6-DMSO) spectrum of 1,3,5-TITFB and 
[DABCO-CH2Cl]Cl. 
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Appendix E9: 1HNMR (D6-DMSO) spectrum of 1,3,5-TITFB and [TEA-CH2Cl]Cl. 
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Appendix E10: 13CNMR (D6-DMSO) spectrum of 1,3,5-TITFB and [TEA-CH-
2Cl]Cl. 
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Appendix F: Movies of Co-crystallisations 
 
Appendix F1: Movie showing instantaneous formation of co-crystalline material 
upon mixing of MeOH solutions of 1,3,5-TITB and [Ni(phen)3]I2. Available in 
electronic format on CD provided with this thesis (File name is F1). 
 
Appendix F2: Time-lapse photography showing the co-crystallisation of 1,3,5-
TITFB and [Co(terpy)2]I2. Available in electronic format on CD provided with this 
thesis (File name is F2). 
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Appendix G: Thermal Gravimetric Analysis 
 
Appendix G1: Thermal gravimetric analysis of [Co(terpy)2]I2 over the temperatures 
of 300 to 400 K.  
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